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Abstract
Very low Reynolds number aerodynamics is a rapidly growing field of interest, especially
in regard to the design and development of micro- and nano-air vehicles. In the work
culminating in this thesis, force measurement apparatuses were designed and prototyped to
measure wing performance at very low Reynolds numbers in a water tunnel. The lift and
drag behavior for rectangular wings with discretely angled wing profiles and aspect ratio
were obtained at Reynolds numbers between 4,000 and 10,000. This thesis is intended to
inform both future force measurement apparatus development for water tunnel applications
and experimental research in wing performance at very low Reynolds numbers.
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Chapter 1
Introduction
Low Reynolds number flows are flows in which the viscous nature of the fluid has significant
impact on the interaction between the fluid and a given object. For wings and airfoils, flow
conditions with Reynolds numbers (Re) less than 5×105 are generally considered to be low
Re flows. Over the past 30 years, a significant body of research has been accumulated on
wings and airfoils in this flow regime (see Refs. [1–5]). More recently, technological advances
have allowed the development of new classes of miniaturized unmanned air vehicles, known
broadly as micro-air vehicles (µAVs) and nano-air vehicles (nAVs). For significant portions
of mission profiles, these vehicles operate at Re numbers much less than 50,000, a Re number
at the lower bound of the capabilities of most wind tunnels dedicated to low speed airfoil and
wing performance testing. Clearly, experimental wing performance data must be collected
to compliment computational predictions and validate designs, but collecting valid data at
very low Re has historically been a challenging task.
Several experimental efforts at very low Re (Re < 50,000) have been published. In
general, generating wing performance data in a flow regime that is sensitive to minute fluc-
tuations in both flow quality and speed requires in most instances that experiments be
performed without the use of standard low speed wind tunnels. Due to the substantially
higher kinematic viscosity of water than air, many experiments use water tunnels or tow
tanks to achieve consistent flow quality at these low Re, a logical choice when inspecting
Eq. 1.1. In terms of the number of wing shapes tested, the most notable of recent efforts
is that of Sunada, et al. [6] in which 20 wing shapes were tested at a Re of 4,000. Gross
parametric variations of several geometric characteristics of rectangular wings such as wing
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thickness, leading edge angle, circular camber, maximum camber location, and corrugation
were examined. The Re was achieved using a tow tank in which a motor slowly pulled
the wings through still water. This approach ensures issues such as turbulence intensity
and velocity fluctuations are not present in the data, provided the tow motor is sufficiently
smooth. A significant detractor for this type of testing is that each angle of attack measure-
ment required that the water tank settles before proceeding to the next angle, which causes
prolonged testing time periods to test a range of angle of attacks. The force measurements
were made by load sensors located between the wing and the tow motor.
Re =
ρV c
µ
(1.1)
Wind tunnel testing is not at all excluded as a viable data collection means if the flow
is rigorously maintained to be high quality and uniform. One such experiment was con-
ducted by Youngren, et al. [7] at the NASA Langley 2 ft × 3 ft Boundary Layer Tunnel.
Extremely low turbulence levels are present in the tunnel test section with only 0.011% tur-
bulence intensity level at a 7.5 ft/sec. The airfoil normal and axial forces were calculated
by integrating surface and wake pressure measurements. Even using this elite facility and
a highly sophisticated airfoil model, the authors noted significant challenges in obtaining
reliable results at the lowest tested Re of 15,000.
Accurately resolving drag forces while simultaneously ensuring the orthogonality and
purity of the measurement is the fundamental instrumentation challenge in very low Re
testing. In the work presented in this thesis, the drag forces ranged from less than 1 g to
as much as 30 g (gram force). Most notable efforts to create balances specifically for water
tunnel testing, such as Suarez [8], Erm [9], and Cunningham, et al. [10], did not instrument
the balances to measure the drag or axial degree of freedom. This omission was intentional
as these balances are primarily intended to measure unsteady phenomena such as dynamic
stall, post stall maneuvering, and dynamic stability derivatives. Typically, drag estimates
for the aircraft tested with these instruments are obtained by much more rigorous means
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through wind tunnel testing and computational studies; therefore, drag measurements in
the water tunnel would not be meaningful data. However, when drag measurements are
a critical testing objective, few readily repeatable measurement methods are presented in
the literature, and each is novel and highly specific to the authors’ testing apparatus and
equipment. Invention, creativity, and ultimately trial and error are required when designing
load measurement instrumentation without an accessible precedent.
The experiment described in this thesis was performed to measure wing lift and drag
performance of rectangular wings with camber, generated by a single angle bend at the 50%
chord location, at Re between 4,000 and 10,000. The intent is twofold: to provide Re trends
for wings with simple angular profiles which appear to be lacking from any previous study,
and to determine if significant changes in wing performance occur across this Re number
range. The pitching moment, orthogonal to both the lift and drag forces, was not measured
in an attempt to reduce the complexity of the load measurement instrumentation. The
content of this thesis progresses through descriptions of the experiment equipment, testing
methods, and data accuracy, followed by summary descriptions and interpretations of the
data as well as, finally, the data itself.
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Chapter 2
Experimental Setup
The experiment and resulting data should be seen as a proof of concept. The apparatus,
particularly the drag load measurement, was the outcome of an evolutionary process of
conception, mock-up, and prototype. Due to both time and budgetary constraints, the
materials used to construct the various apparatus and instrumentation components were
easily procured from hobby and retail stores.
The primary challenges in developing the load measurement apparatus were, first, to
ensure that the instrumentation was capable of resolving the diminutive forces and, second,
to design the instrumentation such that force and moment components in directions other
than the desired direction are not erroneously introduced into a given measurement. Of
particular concern was designing the instrumentation so the lift and drag force measurements
were isolated from the wing pitching moment. The instrumentation can be described as
several component groupings: the wing support, the wing incidence angle indicator, the
wing support shield farings, the lift instrument, and the drag instrument. The lift and drag
measurements were performed separately due to the conflicting instrument configurations.
Each component grouping will be detailed in the following sections.
2.1 Water Tunnel Facility
The water tunnel used to perform this experimental work is owned by the Mechanical Science
and Engineering Department in the College of Engineering at the University of Illinois at
Urbana–Champaign. The test section measures 1.48 ft (45 cm) in width, 1.64 ft (50 cm)
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in height, and 7.87 ft (240 cm) in length. The tunnel was manufactured by Engineering
Laboratory Design, Inc in 1994. Although the water tunnel did not originally come with a
model designation, the dimensions are similar to the company’s current Model 504. Capable
of producing flow speeds between 0.2 ft/sec and 1.2 ft/sec, the tunnel is the proper enabler
to study wing performance characteristics at Re less than 10,000. Figures 2.1 and 2.2 display
images of the tunnel that show the size and flow direction.
The water tunnel had undergone an extensive upgrade and refurbishment just prior to
time this experiment was conducted. No equipment was available to perform quantitative
flow quality assessments. During the preparatory work prior to testing, it was discovered that
quantitative flow quality assessments had never been performed in the tunnel; consequently,
the level of turbulence present in the test section during the experiment is currently unknown.
Images examined in more detail during the preparation of this thesis, such as Fig. 2.3,
indicate that flow conditions may have been more turbulent than previously thought. A
significant number of the holes in the lower portion of the honeycomb flow straighteners
upstream of the test section appear to be clogged. The extent to which this has degraded
the data is unknown, but it can be assumed that the flow had relatively high turbulence
intensities in comparison to other comparable water tunnel facilities.
The tunnel was operated with an open test section to provide easy access to the test
article and instrumentation. In more rigorous terms, the tunnel was operated as a water
channel rather than a water tunnel since the test section was not enclosed on all sides. This
mode of operation has significant implications on the application of typical tunnel wall and
blockage corrections to the data, which is discussed in Section 3.4.2.
5
Figure 2.1: Water tunnel upstream view.
Figure 2.2: Water tunnel downstream view.
6
Figure 2.3: View of upstream honeycomb screens from inside the test section.
2.2 Wing Geometry
For the purposes of this investigation, producing data trends for simple wing sections was
thought to be useful for µAV and nAV wing development. In addition, the test apparatus
measurement capabilities could be determined more easily if wing sections had large dif-
ferences for a given geometric trait. The wings tested were rectangular flat plates varying
two geometric characteristics: camber and aspect ratio (AR). The term “camber” refers to
the maximum vertical distance between the wing section mean thickness line and the line
connecting the most forward and aft mean thickness line end points (see Fig. 2.4). Various
degrees of camber were generated by increasing the magnitude of an abrupt bend at the wing
profile mid-chord. Aspect ratio, for rectangular wings, is the ratio of the wing span to the
wing chord. The wing naming convention use in this work used the two digit camber in per-
cent followed by the two digit aspect ratio (e.g. an AR = 8 flat plate was designated 0008).
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Table 2.1 tabulates the thickness, camber, and aspect ratio of each wing tested. Small in-
consistencies in the abrupt bend at mid-chord account for the camber variations across the
wing span. Images of the wings are displayed in Figs. 2.5 and 2.6.
Figure 2.4: Generalized wing profile geometry (section angle and thickness exaggerated for
illustrative purposes).
Figure 2.5: Perspective view of (left-to-right) Wings 1008, 0708, 0308, and 0008.
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Figure 2.6: Top view of (top-to-bottom) Wings 0710, 0708, and 0706.
Table 2.1: Wing Thickness, Camber, and AR.
Thickness (%) Camber (%) AR
Wing Measured Ideal Measured Ideal Measured
0008 2.6 0 0.0 ± 0.0 8 8.0
0308 1.9 3 3.1 ± 0.3 8 8.0
0706 1.9 7 7.2 ± 0.7 6 6.0
0708 1.9 7 7.3 ± 0.3 8 8.0
0710 2.0 7 7.3 ± 0.3 10 10.1
1008 1.9 10 10.6 ± 0.1 8 8.0
Each wing was constructed from a rectangular strip of aluminum sheet metal. Strips of
carbon tape were epoxied to the pressure side of the flat plate wing to substantially increase
its spanwise stiffness. Carbon tape was not applied to any other wing, because the abrupt
mid-chord bend provided sufficient spanwise stiffness to prevent appreciable deformation
under load. The wing profile angle was created by, first, lightly scoring a line at the mid-
chord on the wing pressure side. Then, the wing was set on top of an iron angle “V”,
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forming an inverted triangle when viewed from the side. Next, a ruler with a knife edge
metal strip was placed along the scored line, perpendicular to the aluminum wing surface.
Finally, uniform pressure was applied to the ruler causing the wing to yield to produce a
relatively consistent angle across the span located exactly at the wing mid-chord. After final
adjustments to the angle were made, two plastic tabs were centered on the wing and set
precisely 6 in from each other. These two tabs mated with the wing support pin connections
to attach the wing to the wing support. The wings were inverted so that when generating
larger amounts of lift at higher incidence angles the lift was generated in the downward
direction, yielding an inherently stable configuration.
2.3 Wing Support
The wing support structure used during the final testing successfully integrates several nec-
essary design requirements and objectives. First, since the wing and support were hung
directly on the 300-g lift load cell, the support and wing combined weight had to be light
enough to preserve enough load cell capacity for the lift forces encountered during testing.
However, lighter weight was acting against another requirement that the structure had to
be as rigid as possible. The rigidity of the support was absolutely required to ensure that
extraneous interactions between the support and the flow are suppressed. Additionally, the
support had to withstand prolonged periods of time submerged in water, have a wing at-
tachment mechanism, possess a means for setting the wing incidence angle, and have an
interface to attach the support to both the lift and drag instruments.
The wing support constructed to fulfill each of these requirements is displayed in Fig. 2.7.
The wing support was constructed almost entirely out of square carbon fiber rods adhered
together by epoxy and reinforced by carbon tape where necessary. During the course of
testing, the materials chosen exhibited no apparent degradation in their rigidity or strength
after prolonged exposure under water. This simple construction methodology had several key
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advantages, but the two most desirable benefits were light structural weight and the ability
to easily perform most repairs. The following sections describe the key design features from
the bottom of the support to the top.
Figure 2.7: Wing support.
2.3.1 Wing Attachment
The wing support possessed a simple yet effective means to attach wings to the ends of the
support. A 2-in long slender strip of flexible plastic was attached to the inner side of each
rod such that the lower 1.75 in of the strip was free to flex. A thumbtack affixed to each of
the free end of each plastic strip mated with a drilled hole at the bottom of the carbon fiber
rod. When the thumbtack was inserted through the hole, a pin connection was created.
Each wing had two plastic tabs positioned to be held by the four pin connections of the
support, similar to the tabs held by the support in Fig. 2.7. This wing attachment method
proved extremely effective during the course of testing.
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2.3.2 Angle of Attack Measurement
The wing support had an integral means of determining the wing incidence angle. The
incidence angle is indicated by a small laser seated in a bearing and affixed to a 4 mm
square carbon rod connecting the two primary rods. The bearing assembly and laser, which
is rated to have a wavelength between 630 and 680 nm and a maximum power output of
less than 5 mW, were obtained from a Great Planes AccuPoint Laser Incidence Meter and
integrated into the wing support. The free end of the laser rested on a separate 4 mm square
carbon rod that was rotated 45 deg, causing the point the laser rested upon to be easily
defined. With a wing attached to the pin connections at the bottom of the wing support,
a quadrilateral was created that allowed the wing incidence angle to be adjusted through
simple vertical translations of the rod upon which the laser rested.
Setting the wing incidence to a desired angle required determining the relationship be-
tween the angle of the laser and the angle of the wing. Figure 2.8 displays a simplified but
accurate representation of the wing support mechanics. The geometric relationship between
the laser and wing incidences was then found and is presented in Eqs. 2.1–2.4. With the
incidence relationship known, incidence angles from −36 deg to 36 deg were converted to
equivalent vertical separations, printed to actual size, and pasted onto a square wooden
dowel. The final positioning of the dowel is shown in Fig. 2.9. Note that each time a change
to the testing configuration was made, the zero incidence line on the dowel had to be repo-
sitioned to match exactly the height of the laser pivot (see Fig. 2.10). The calculations
for the incidence tick mark spacing on the dowel required a predicted distance between the
laser pivot and the projection surface. The actual distance differed from the predicted value
and varied slightly between the lift and drag testing configurations. Incidence sweeps were
performed using the predefined markings and the angles were corrected using the ratio of
the actual distance to the predefined value. The correction factor applied to the indicated
incidence angle on the dowel ranged from 0.85 to 0.875 for the data presented in this work.
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Figure 2.8: Wing support mechanics (not drawn to scale).
θ = tan−1
(
L2 − L2o
c+ h
)
(2.1)
where:
h = L2 tanφ (2.2)
L2 = L2o + c sinα− (L1o + L2o)(1− cosφ) (2.3)
φ = tan−1
(
c
1− cosα
L1o − c sinα
)
(2.4)
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Figure 2.9: Location of incidence angle scale.
Figure 2.10: Measurements performed to ensure the zero incidence mark is aligned with the
laser pivot.
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The selection of a laser incidence indicator was thought to provide the most configuration
flexibility during the iterative prototyping of the wing support. Final positioning of com-
ponents was heavily determined by the various integration issues encountered and by the
mechanics of the test procedure with tweaks and adjustments required until the final data
was collected. The method inherently provided for greater accuracy by projecting the laser
beam onto a surface at greater distances than what was thought feasible for a physically
attached protractor and angle indicator. However, the flexibility and potential accuracy gain
that the laser beam length afforded was more than offset by the effort that was required
to set up and operate the device. While theoretically the incidence measurement would
be more accurate as described above, the unintended consequence was the tolerances on all
other positioning measurements were proportionally tightened. These tighter tolerances dra-
matically increased the amount of time to set up the instrumentation and required continual
effort to ensure the instrumentation stayed in the proper position. As mentioned earlier, the
arrangement also required correcting the indicated incidence angle to account for the actual
distance between the laser pivot and the dowel surface. The additional measurement un-
certainty introduced significantly increased incidence angle uncertainty, particularly at large
incidence angles. Finally, from a logistical perspective, the laser was entirely impractical as
it drained the two specialized chromium batteries that powered it within a matter of hours,
and these batteries proved both difficult and expensive to procure.
2.3.3 Attachment to Lift and Drag Instruments
A 0.25-in thick aluminum angle at the top of the support serves to connect the support to
the lift and drag instruments, using nuts and bolts to secure it to either component. The
attachment method was well suited for easily and quickly “disarming” the load cells during
many wing changes and was critical during the required changes between lift and drag test
configurations. Figures 2.11 and 2.12 highlight the wing support attachment to the lift and
drag instrumentation, respectively. The aluminum angle provided a sufficient amount of
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bonding surface area for the primary carbon tube rods that served as the back bone of the
wing support. The primary structural rods that extend from the aluminum angle to the
wing attachment points, spaced 6 in apart, are two parallel sets of two 4-mm square carbon
fiber rods bonded together.
An earlier version of the wing support used a smaller 0.125-in thick aluminum angle
which proved too flexible during testing. In-air static testing revealed the wing support
exhibited a surge natural oscillatory structural mode of approximately 4 Hz. This natural
mode was frequently excited during testing at flow speeds faster than 0.5 ft/sec, resulting
in a significant and undesirable surge oscillation that invalidated any data collection efforts.
The sturdier aluminum angle in the final version proved sufficiently rigid to prevent any
surge oscillation tendencies.
Figure 2.11: Wing support attachment to drag measurement apparatus.
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Figure 2.12: Wing support attachment to lift measurement apparatus.
2.4 Wing Support Shield Farings
Two farings shielded the majority of the wing support from the freestream flow, greatly
reducing the wing support drag tare. Designed by Dr. Michael Selig, the fairing profile
was a symmetric, minimum drag airfoil created to minimize the flow impact caused by
the operating space for the wing support, measuring 0.375 in by 2.25 in for each support
leg. While the wing support had sufficient space to operate without touching the farings,
a significant amount of time was spent before an series of data collection runs to ensure
the wing support did not rub against the farings. Both farings were constructed by Jeremy
Alonso and David Roman, two UIUC undergraduate students, who used a form of rapid
prototyping known as fused deposition modeling (FDM). Figure 2.13 displays a top view
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showing the space available for the wing support, while Figure 2.14 displays the a similar
view from below. Wing support clearance was verified visually, aurally by listening for
scraping or tapping sounds, and physically by vibrating the wing support to verify free
vibrations occur. Each faring was rigidly bolted in place on the underside of the wooden
planks used to suspend the equipment over the water tunnel.
Figure 2.13: View of the wing attachment through the wing support faring.
Figure 2.14: View of wing support fairing and wing support clearance from below.
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2.5 Lift Measurement
The lift force measurements were obtained using an Load Cell Central ESP 300 g capacity
load cell. The load cell was intended to be used as a postage scale, and the output signal
was designed to be inherently moment-compensated. This feature ensured lift force mea-
surements were isolated from the pitching moment and allowed for measuring lift directly.
The load cell was cantilevered parallel to the flow so that the force transmitted through the
wing support was normal to the flow regardless of the wing incidence (see Fig. 2.15).
Figure 2.15: Lift measurement apparatus side view.
A simple wooden support was constructed to support the load cell. Referring to Figs. 2.15
and 2.16, an aluminum angle connected the cantilevered load cell to the wooden support at a
height that set the wing position at the test section centerline. A slot was cut into the wooden
support sufficiently large enough to allow the incidence laser beam to pass through without
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any interference. Two square blocks were affixed to the bottom of the downstream side of
the support to ensure the support was level. The entire assembly, including the wooden
support, load cell, wing support, and wing, was kept in place using a clamp to secure one of
the square blocks to the base board. Since the positioning of the wing support through the
wing support fairings had such a tight tolerance, the flexible positioning provided by using
a clamp was critically important throughout the experiment. Equally as critical, the lift
support had to be removed during drag testing for logistical reasons; therefore, permanently
attaching the lift apparatus to the base board was not possible.
Figure 2.16: Lift measurement apparatus perspective view.
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2.6 Drag Measurement
While the lift load cell was insensitive to applied moments by design, the load cells chosen
to measure the drag force were susceptible to moments. As a result, the drag measurement
apparatus was substantially more complicated than the lift measurement apparatus. The
apparatus was composed of two basic components: a floating structure which connected to
the wing support and the load cells used to measure the drag force. The drag apparatus is
seen from above in Fig. 2.17.
Figure 2.17: Drag measurement apparatus top view.
The floating structure provided the required pitching moment insensitivity to the drag
force measurements. The structure was composed of three RubbermadeTM containers ar-
ranged in formation as an isosceles triangle and connected together using several 8-mm
square carbon rods, all of which was glued together using cyanoacrylate super glue (CA)
and epoxy. When a moment was applied and generated the tendency for the structure to
rotate, an opposing moment was generated through negligibly small rotational displacements
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of the structure suspended in the water.
Two Load Cell Central EGC 50 g capacity load cells were oriented to measure the drag
force directly regardless of the wing incidence. By design, the pitching moment was not
transmitted to the load cells due to two magnetic “pin” connections between the floating
structure and the load cells, seen in Fig. 2.18. For each magnetic “pin” connection, a small
neodymium magnet was epoxied to the top of a 6-32 screw. A small metal loop on the floating
structure was attracted by the magnet, and the small radius of the metal loop allowed only
a small portion to touch the magnet at any given time, constituting an approximate pin
connection. The magnets also serve as a safety feature in that either connection could not
support a load greater than 50 g. When either load cell encountered a load higher than 50
g in the downstream direction, the connection broke, and the load cell limit load was not
exceeded. Each load cell possessed two safety pins that restricted any load cell movement
and were used habitually when not calibrating the instruments or collecting data.
Figure 2.18: Magnetic “pin” connection.
The drag instrumentation required the utmost care and vigilance during testing. The
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screws used to connect the load cells with the floating structure could shift slightly during
use, requiring adjustments back to their nominal position typically after each run. The water
level in the tubs had to be set such that the wing position in the water tunnel was the same
as the position during lift testing. Additionally, the water level had to be exactly the same
in each tub to ensure the wing support was aligned in the center of the wing support fairings.
Plastic tubing was used to siphon each tub to each other tub, enabling the water level to be
equalized (see Fig. 2.19).
Figure 2.19: Tubing used to equalize water levels between tubs supporting drag apparatus
floating structure.
2.7 Flow Speed Measurement
The water tunnel flow speed was controlled by commanding the water pump impeller to
operate at a given frequency. The pump controller interface is displayed in Fig. 2.20. To
ensure the Re was relatively constant during the course of a run, the impeller speed was
adjusted based on small changes in water viscosity due to water temperature using data
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from Ref. [11]. A Taylor Model 1450 Indoor/Outdoor thermometer was used to measure
both the room and water temperature.
Figure 2.20: Water tunnel water pump impeller controller interface.
The flow speeds set during the experiment should be subject to substantial scrutiny.
Initially, the flow speeds were to be measured using a pitot probe connected to a MKS
Instruments Model 220 differential pressure transducer with a 1-torr capacity. However,
the small dynamic pressure changes due to increasing or decreasing the water tunnel flow
speed could not overcome the meniscus surface tension at the air-water interface in the
narrow pressure system tubing. Visually, the meniscus consumed the entire tubing cross
section. While switching to a water pressure transducer would have been an ideal solution,
such a transducer with sufficient accuracy at pressure differentials less than 1 torr was not
owned by the UIUC Aerospace Engineering Department. Instead, it was decided that an
acceptable solution was to dramatically increase the cross-sectional area of the air-water
interface to allow the vast majority of the water surface to be relatively isolated from the
surface tension concentrations in the meniscus. The additional pressure system tubing was
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designed and constructed by Robert Deters and is presented in Fig. 2.21. While this addition
finally allowed the pressure transducer to register pressure differentials, the shear number
of permanent connections sealed with silicone made troubleshooting pressure leak sources
exceedingly difficult to identify and repair. Reliable, repeatable results could not be obtained
despite multiple attempts to address pressure system leaks.
Figure 2.21: Expanded pressure system tubing constructed to overcome meniscus surface
tension forces.
In the absence of an instrument to directly measure the flow speed, an alternate method
was contrived to calibrate the water tunnel flow speed. The relationship between 2-D and
3-D lift curve slopes has been well established; therefore, a theoretical lift curve slope was
calculated for an AR = 8 wing. Lift measurements were collected for a flat plate at various
small incidence angles. Assuming the lift curve is linear at low incidence angles at Re between
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4,000 and 10,000, the lift measurements were reduced to coefficient form, and the slope was
compared with the theoretical slope. The flow speed was adjusted until the measured slope
coincided with the theoretical slope. Tunnel speed calibration results and further discussion
are presented in Section 3.1.3.
2.8 Data Acquisition System
The data acquisition system was composed of three components: the signal conditioners, the
analog-to-digital data acquisition card, and custom software applications used to process the
digitized signals. Three Vishay 2210 signal conditioners provided the excitation voltage to
the three load cells and gained the output of the load cells. The gains were set so that the
maximum expected load produced an output signal of 10 V, the maximum allowable input
voltage to the data acquisition card. A lift coefficient of 2.0 and a drag coefficient of 1.0 at
the speed corresponding to Re = 10,000 were used to estimate the maximum operational
loads. Gains of 3300 and 1500 were applied to the lift load cell and two drag load cell output
signals, respectively.
A National Instruments 6009 USB data acquisition card was used to convert the analog
load cell output signals to digital signals for data collection and reduction purposes. Data
was sampled at 1 kHz for 8 sec. The testing apparatus rested on the top of the tunnel test
section, and the vibrations produced by the water pump were transmitted directly to the
load cells. In fact, physical vibrations from any source, including passing cars and buses just
outside of the lab, were significantly present in the load cell output signals. Because the
vibrations contained predominantly high frequency content and generated significant signal
oscillations, a high sample rate and long sample time were required to sufficiently average out
the unwanted vibrations. However, this method of signal acquisition lead to load cell output
signal standard deviations that were dominated by externally caused vibrations rather than
by fluctuations induced by flow phenomenon. For this reason, the standard deviation of the
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average sample values are used to evaluate testing accuracy and efficacy.
Two applications were written using National Instruments LabWindows/CVI. The first,
seen in Fig. 2.22, was used during load cell calibrations and provided only the ability to
control the sample time and period as well as the mean, standard deviation, and strip chart
visualization of any given output signal. The second application, seen in Fig. 2.23, was used
during lift or drag data collection testing. In addition to providing the same capabilities as
the calibration application, the data collection application required the user to enter all the
necessary information required to reduce the data and provided preliminary results nearly
real-time. The strength of the application was that the raw data time history of each sample
could be visualized to ensure each time-averaged data point was valid. Each data point and
all other necessary data reduction parameters were appended to a comma separated value
(CSV) file individually to be reduced at a later time.
Figure 2.22: Custom data acquisition application used during load cell calibration.
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Figure 2.23: Custom data acquisition application used during wing performance testing.
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Chapter 3
Experimental Procedure
Prototyping the experimental apparatus design necessitated a thorough, experience-based
process that managed equipment integration, tested operating procedures, and ensured raw
load cell signals could be reduced to aerodynamic coefficients. This chapter examines these
issues in detail.
3.1 Calibration
3.1.1 Lift Load Cell
The lift load cell was calibrated by applying a known weight to the instrument and recording
the response. Groupings of pennies, precisely weighed to within±0.03 g, served as calibration
weights. The weights were incrementally applied and then incrementally removed using two
methods. One method entailed placing the weights on the 0008 wing when it was attached to
the wing support, while the other method involved simply setting the weights on top of the
load cell just above the wing support attachment location. Both methods yielded identical
results; therefore, the latter was chosen as the preferred calibration method for simplicity.
Loading and unloading the calibration weights demonstrated the superb linearity of the load
cell response, sensitivity, and the nearly complete absence of hysteresis. The lift load cell
calibration results are displayed in Fig. 3.1.
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Figure 3.1: Lift load cell calibration results.
The drag residual on the lift measurement was also determined. With the wing support
attached to the lift load cell, an artificial drag force was applied to a wing while the wing
support was attached to the lift load cell (see Fig. 3.2). This technique was also used for
the drag calibration and will be referred to as the “direct drag” method. Loading and
unloading the calibration weights demonstrated that the drag residual in the lift load cell
measurement (exhibited in Fig. 3.3) was two orders of magnitude less than the lift sensitivity.
The hysteresis observed would be a concern if the residual effect was an order of magnitude
larger, but the effect is small enough that residual can be represented as a single slope,
neglecting the hysteresis behavior.
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Figure 3.2: Direct drag calibration configuration.
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Figure 3.3: Drag residual on the lift load cell output signal.
31
3.1.2 Drag Load Cells
The drag load cells were calibrated using two methods: the “direct drag” method described in
Section 3.1.1 and an identical method performed at the wing support/drag floating structure
connection instead of at the wing. Both methods produced identical results; therefore, the
latter method, seen in Fig. 3.4, was determined to be the preferred calibration method since
the “direct drag” method required the test section to be drained. Presented in Fig. 3.5,
the drag load cells demonstrated excellent linearity and showed virtually no indications of
hysteresis. During testing, the two drag cell signals were summed to produce a single drag
signal for data reduction purposes, and the summed calibration results are presented as well
in the figure with the individual load cell results.
Figure 3.4: Drag calibration performed at the wing support attachment.
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Figure 3.5: Drag load cells calibration results.
The lift residual on the drag signals was determined by loading and unloading the cal-
ibration weights at the center of the wing support attachment (see Fig. 3.6). Due to the
design of the magnetic pin connection to the load cells, the lift residual was equally as small
as the drag residual and was approximated using a single slope. The lift residual results are
presented in Fig. 3.7.
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Figure 3.6: Lift residual calibration method.
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Figure 3.7: Lift residual on the drag load cells output signals.
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3.1.3 Flow Speed
The water tunnel speed calibration provided the relationship between the water tunnel im-
peller frequency and the flow speed. As was described in Section 2.6, an alternate means of
calibrating the tunnel speed was required due to the inability of the available pressure tubing
equipment to reliably measure the flow dynamic pressure. Ultimately, the speed calibration
was performed by collecting lift data for the 0008 wing at low incidence angles to obtain the
lift curve. The measurements used as the basis for the speed calibration were obtained using
the most accurate instrument available, namely the lift load cell. The relationship between
2-D and 3-D lift curve slopes is well understood for linear aerodynamics and is summarized
by Eq. 3.1 [12]. The equation assumes the incompressible flow and that the airfoil has a
2-D lift curve slope of 2pi. Assuming Eq. 3.1 holds at least approximately for very low Re,
a target lift curve slope was calculated, and the impeller frequency was adjusted after each
calibration run until the collected lift data collapsed onto the target lift curve slope. When
this occurred, the flow speed and impeller frequency were known. The process was performed
at each Re to be tested, resulting in the four point calibration in Fig. 3.8. The converged
lift curve slopes are presented in Figs. 3.9–3.12.
CLα =
2pi AR
2 +
√
AR2 + 4
(3.1)
It was hoped that an accurate speed calibration using a pressure system as originally
intended would be performed after this course of testing to either validate or rectify the data
presented in this work; however, the previously described pressure system remained the only
direct means of measuring the flow dynamic pressure. Despite the efforts of fellow graduate
student Elizabeth Eaton, the same issues of repeatability and system leakage prohibited ob-
taining an accurate calibration. As a result, the current speeds have not been independently
validated.
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Figure 3.8: Water tunnel speed calibration results.
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Figure 3.9: Converged lift curve at Re = 4,000.
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Figure 3.10: Converged lift curve at Re = 6,000.
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Figure 3.11: Converged lift curve at Re = 8,000.
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Figure 3.12: Converged lift curve at Re = 10,000.
38
3.2 Testing Preparation
Several preparatory tasks needed to be completed before data collection could begin. First,
the water tunnel was filled to the top of the test section such that the water level was
approximately 0.25 in higher than the upstream tunnel ceiling. This slight overfilling allowed
the water level to be flush with the tunnel ceiling at the highest speeds. If the water level was
set too low, air pockets were entrained periodically onto the upstream ceiling of the tunnel
contraction section which degraded the flow quality through recirculating flow. During the
course of testing, two small leaks at the forward test section joint caused the water level to
slowly drop whenever the tunnel was filled to capacity. The imperceptibly slow descending
water level required attention only every couple of days and did not pose any challenges to
any particular testing run.
Second, the wing vertical position in the tunnel had to be the same for every run, regard-
less of the measurement apparatus. This requirement when applied to the drag measurement
apparatus placed a significant burden on the water levels in the plastic tubs supporting the
floating structure. When filling the tub, measurements were taken to ensure each tub was
filled to the prescribed height. As a final step to ensure equal water levels were achieved,
water was siphoned through plastic tubes, connecting the three tubs. Uniform water levels
were achieved typically one hour after the siphoned connections were put in place, because
the initial water level pressure differentials were very small. This process was typically re-
quired only once for a given block of testing, because the tubs were left filled and in place
while the lift measurement apparatus was in use.
Finally, the wing support positioning deserves special note. While the wing support posi-
tion was critical during all phases of testing, executing proper placement before testing began
was indispensable. Proper placement was determined by setting up all other equipment and
making necessary final adjustments when setting the wing support in place. The wing sup-
port was placed through the wing support fairings, after which the wing was attached to the
wing support. The lift support was then connected to the load measurement apparatus. For
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the drag apparatus, perpendicular position fine tuning was achieved by delicately moving the
wooden structure to which the load cells were affixed. Streamwise positioning was achieved
by independently adjusting the magnetic-ended screw depth. For the lift apparatus, both
perpendicular and streamwise positioning were achieved by carefully adjusting the lift load
cell wooden support location. In all instances, the proper wing support position was deter-
mined by visually verifying the spacing, delicately tapping the support in all directions to
feel whether the support vibrated freely, and listening for sounds that indicated the support
was scraping or bumping the wing support fairings. When the wing support was at last in
place, the laser indicator pivot location was known, allowing the incidence indicator dowel
to be set at the proper height.
3.3 Testing Procedure
Four data components were collected during testing: signal biases, static tares, dynamic
tares, and raw wing performance data, and the testing procedure was developed around
these components. The first component was referred to as the “wind off zero” (WOZ). The
WOZ represented the biases to be removed from all raw signal data for a given set of runs.
The WOZ was taken before a series of runs with the tunnel completely at rest and with
the wing support set to zero incidence. The Vishay signal conditioners used to process the
output signals have the ability to remove a significant portion of the signal bias, and the
remaining bias to be removed by the WOZ was typically small. The WOZ was purely an
electrical signal bias present in the load cells and was flow condition independent.
The second component was the static tare. The static tare represented the pure inter-
action between the wing center of gravity variation with incidence angle and the resulting
load cell reading. Effectively, the static tare can be interpreted as a WOZ dependence on
incidence angle. With the tunnel completely at rest, the wing was swept from negative
to positive incidence angles with the wing off and then again with the wing on. The pro-
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cedure was done for both the lift apparatus and the drag apparatus. As implied by the
name, the electrical signals recorded were flow condition independent. Testing proved that
the static tare was negligibly small for both the lift and drag apparatuses. The result was
not unexpected since the aparatuses were designed to be insensitive to changes in pitching
moment.
The third component was the dynamic tare. This tare represented the measured load
generated by the wing support and wing tabs. Traditionally, tare and interference data are
found by using a series of runs using a wing, an inverted wing, and a duplicate wing support
attached to the bottom of the test section [13]. The water tunnel environment made this
form of testing nearly impossible, and an alternate method was required. While incomplete,
the only tare measurement method available was to remove the wing and measure the loads
produced by the isolated wing support and two stand-in wing tabs. Figure 3.13 shows the
portions of the wing support that contributed to the load measurements. The interference
loads due to the wing support and wing support farings were not measured.
Figure 3.13: Wing support configuration during a dynamic tare run.
In a similar manner as the static tare, the dynamic tare was executed for both measure-
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ment apparatuses as an incidence sweep from negative incidences to positive incidences at
non-zero flow speeds. The dynamic tare data were intrinsically dependent upon flow condi-
tions and cannot be directly removed from the load cell signals as the static tare or WOZ
signals are. Dynamic tares were collected at each Re, beginning with 4,000 and incrementally
increasing to 10,000. The complete data reduction equations are discussed in Section 3.4.3.
The fourth and central component consisted of the raw wing performance data. The
procedure to collect the raw wing performance was identical to that for the dynamic tare
except a wing was attached to the wing support. When attaching or removing the wing from
the wing support, great care was taken to avoid damaging the load cells. To change the wing
in the test section, the wing support was disconnected from the measurement apparatus. The
base board supporting the wing support fairings and lift measurement apparatus was then
rotated and positioned like that shown in Fig. 3.14. To prevent the entire assembly from
flipping into the test section, a heavy C-clamp was hung on the trailing edge of the wing
support fairing resting on the test section wall. The clamp serving as a counter balance was
technically only required for wing changes while the lift apparatus was attached to the base
board; however, the clamp was used every time a wing change was performed to significantly
decrease the risk of test equipment inadvertently falling into the water.
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Figure 3.14: Lift apparatus/base board/wing support fairings assembly position during a
wing change.
The tunnel impeller frequency was determined by first specifying the desired Re. Then,
the water viscosity and density were calculated using the water temperature. Next, the
desired velocity was calculated using Eq. 1.1. Finally, the required impeller frequency was
determined using the desired velocity with the speed calibration curve in Fig. 3.8. This
process was repeated each time the temperature changed by 0.1 deg or the desired Re
changed.
For a typical run, the incidence sweep consisted of 16 discrete angles from approximately
−10 deg to 16 deg with three data samples at each angle. Because the wing incidence sweep
was performed manually, each data sample was performed individually, and the appara-
tuses required periodic minute adjustments, a single run at one Re took roughly 30 min to
complete. A run series to collect data at all four Re lasted slightly more than 2 hr.
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3.4 Data Reduction
3.4.1 Data Management
As was mentioned in Section 2.8, raw test data was recorded one time-averaged sample at a
time into a comma separated value (CSV) file. Prior to collecting data for a given run, the
data acquisition program printed to the CSV file all necessary general information describing
the run including the wing name, desired Re, sample rate and period, calibration slopes,
and wing measurements. Each data point saved to the CSV file consisting of the mean load
cell output signals and standard deviations, incidence angle, impeller frequency, and water
speed, temperature, density, and viscosity. Three time samples were taken for each incidence
angle. When finished with a series of runs for a given wing, the CSV file ideally contained
for each Re the general test configuration information followed by the incidence sweep data.
While for viewing the amassed raw data, manipulating the CSV file data in Microsoft
Excel proved to be an inadequate means of reducing the data. The incidence angles were
slightly different between sets of runs including lift and drag for the same wing (see Sec-
tion 2.3.2 for more information); therefore, the data must be interpolated to a common set
of incidences so calculations can be performed. In addition, infrequently two or four data
points were collected at a given incidence such that manual formula manipulation was re-
quired in virtually every data file. The solution to these problems was to migrate the data
to the MATLAB environment which has functionality specifically designed to address data
arrays of varying length. All data was organized hierarchically into MATLAB data struc-
tures by wing, run type (i.e. lift or drag), Re, and then the data parameter arrays. This
data organization method dramatically increased the accessibility of the data and enabled
the use of scripting to automate the data reduction process.
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3.4.2 Tunnel Corrections
The water tunnel was operated as a water channel meaning data was collected without
the test section ceiling in place. After an extensive search for water channel boundary
corrections, none wa found. Classical methods accounting for boundary effects such as
buoyancy, solid blockage, wake blockage, and streamline curvature cannot be blindly applied
because the corrections were developed for either closed test sections or open jets of various
geometries [13]. Additionally, not only have no flow survey studies been performed to assess
the impact of the open test section, but also the tunnel speeds themselves used to reduce the
data have not been independently validated. Given these circumstances and the lack of any
precedent data, all wing performance data is presented without tunnel boundary corrections.
The term “incidence” is used throughout this work instead of “angle of attack”, because the
true wing angle of attack is known only after a proper set of boundary corrections is applied
to the data.
3.4.3 Reduction Equations
The complete data reduction equations are presented in Eqs. 3.2–3.11. Several notes should
be made concerning these equations. All terms except the calibration constants, the WOZ
terms, dynamic pressure, and wing reference area are dependent on incidence angle. The
static tares and WOZ terms represent flow condition independent electrical signals and can
be subtracted directly from the load cell outputs. During the course of testing, the flow
conditions changed between runs and often during the same run due to fluctuations of the
water temperature. In terms of processing the data, each run and dynamic tare signal
data point was individually pseudo-nondimensionalized by the dynamic pressure and wing
reference area. These load cell signal dimensional coefficient arrays in V/g (Eqs. 3.8–3.11)
could then be manipulated without regard for flow condition.
Secondary terms, such as the residual lift and drag components and the static tares, were
interpolated to resolve the slight wing incidence angle inconsistencies between runs. These
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data are only interpolated for use in the given equation, and the original data are preserved.
This interpolation was performed using the MATLAB implementation of piece-wise cubic
Hermite polynomials known as “pchip”. This method was chosen specifically because “pchip
has no overshoots and less oscillation if the data are not smooth” [14]. Linear interpolation
was not chosen due to its tendency to accentuate the jagged nature of the data. Terms
with a bar over them indicate that the terms are interpolated to a slightly different set of
incidence angles.
CL = CL, run − CL, dyn (3.2)
CL, run = KLEL CEL, run +KLED CED, run (3.3)
CL, dyn = KLEL CEL, dyn +KLED CED, dyn (3.4)
CD = CD, run − CD, dyn (3.5)
CD, run = KDED CED, run +KDEL CEL, run (3.6)
CD, dyn = KDED CED, dyn +KDEL CEL, dyn (3.7)
where:
CEL, run =
EL, run − (EL, static − ELWOZ , static)− ELWOZ , run
qrunS
(3.8)
CEL, dyn =
EL, dyn − ELWOZ , dyn
qdynS
(3.9)
CED, run =
ED, run − (ED, static − EDWOZ , static)− EDWOZ , run
qrunS
(3.10)
CED, dyn =
ED, dyn − EDWOZ , dyn
qdynS
(3.11)
As was just mentioned, the raw data exhibited an appreciable amount of discontinu-
ous, jagged behavior across the incidence angle range. As a result, the residual components
KLED CED and KDEL CEL , which were intended to correct interference measurement compo-
nents, compounded the discontinuous behavior in some select cases. In general, the magni-
tude of the residual was much smaller than the nominal measurement, and its contribution
to the total measurement was not significant. Data smoothing algorithms to smooth the raw
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data with respect to incidence angle would be required to properly incorporate the lift and
drag residual components, but these numerical techniques are beyond the scope of this work.
Ultimately, the terms were preserved in the analysis to evaluate the entire data reduction
process.
In summary, the following assumptions were made to produce the final reduced data set.
1. Tunnel boundary corrections were not applied.
2. The WOZ was constant throughout a given series of runs.
3. The static lift and drag tares were negligible.
4. The interference effects between the wing, wing supports, and wing support farings
were neglected.
The only assumption to have direct impact on the form of the equations is the third assump-
tion, and this change is reflected in Eqs. 3.12–3.15.
CEL, run =
EL, run − ELWOZ , run
qrunS
(3.12)
CEL, dyn =
EL, dyn − ELWOZ , dyn
qdynS
(3.13)
CED, run =
ED, run − EDWOZ , run
qrunS
(3.14)
CED, dyn =
ED, dyn − EDWOZ , dyn
qdynS
(3.15)
3.5 Testing Limitations
Significant testing limitations should be noted. The lift load cell could support only 300 g
in a given direction. The total mass of the wing support and wing as well as the lift force
had to be less than the 300 g maximum load cell capacity. During this course of testing,
the system had little to no load margin when testing the 0710 wing at a Re of 10,000. The
apparatus, therefore, could support only very small wings.
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The usable tunnel speed range could be a considered a restriction. Anecdotally, the im-
peller frequency range that yielded relatively lower turbulence was approximately between
15 Hz and 55 Hz. By noting the motion of random dirt particles inevitably present in the
water, the behavior of small, chance particulate in the flow was observed to be considerably
less erratic at impeller frequencies greater than 15 Hz, indicating that the flow quality below
this frequency was degraded. The maximum frequency is dictated by the capability of the
impeller motor and the subsequent mechanical vibrations introduced into the flow. The
maximum commanded impeller frequency is 60 Hz; therefore, 55 Hz was chosen as a maxi-
mum operating frequency to prevent prolonged continuous operation at the maximum tunnel
speed. The data presented in this work spanned nearly the entire tunnel speed capability;
therefore, higher or lower Re could not be obtained for the wings under consideration.
Due to geometric constraints of the equipment, the highest incidence attainable by the lift
apparatus was 36 deg. At higher angles, the incidence indicator laser beam was impeded by
the wooden support holding the lift load cell. The drag apparatus does not have this specific
restriction, but the ability to target an large incidence angle on the dowel was dependent
upon the user’s precision.
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Chapter 4
Data Validation
4.1 Uncertainty Analysis
Data uncertainty can be attributed to two separate causes: measurement resolution and
measurement repeatability, and both sources will be described in the following two sections.
The total uncertainty for a given parameter, described by Eq. 4.1, is the norm of these
two uncertainties [13]. For calculated parameters such as Re and CL, the Kline-McClintok
method was used to combine uncertainties from various component sources [15].
σ =
√
σ2resolution + σ
2
repeatability (4.1)
4.1.1 Measurement Resolution
Table 4.1 lists the uncertainty due to measurement resolution for various key parameters.
The driving sources for the uncertainties stem from the water tunnel impeller frequency
increment of 0.1 Hz and the length measurements that determined the incidence indicator
laser position. The incidence angle uncertainty is composed of both a bias uncertainty and
a scale uncertainty. The bias uncertainty is due to the potential measurement error while
vertically positioning the graduated incidence angle dowel. The scale uncertainty is due to
the potential measurement error while measuring the horizontal distance between the in-
cidence angle dowel and the laser pivot. The inherent reduction in accuracy particularly
at higher incidence angles was an unfortunate characteristic of the laser indicator method-
ology. The CL and CD measurement resolution uncertainties are presented for each wing
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and Re in Figs. 4.1–4.8. The incidence angle uncertainty was the largest component in the
total resolution uncertainty for the aerodynamic coefficients, particularly at larger incidence
angles.
Table 4.1: Parameter Uncertainties Due to Measurement Resolution.
Parameter Resolution Uncertainty
Impeller Speed ± 0.1 Hz
Flow Speed ± 0.002 ft/sec
Re ± 0.9 %
Water Temperature ± 0.1 ◦F
Water Density [11] ± 3× 10−5 slug/ft3
Water Viscosity [11] ± 3× 10−8 slug/ft-sec
Incidence Angle ± 0.03α ± 0.2 deg
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Figure 4.1: CL resolution uncertainty for all wings (Re = 4,000).
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Figure 4.2: CL resolution uncertainty for all wings (Re = 6,000).
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Figure 4.3: CL resolution uncertainty for all wings (Re = 8,000).
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Figure 4.4: CL resolution uncertainty for all wings (Re = 10,000).
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Figure 4.5: CD resolution uncertainty for all wings (Re = 4,000).
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Figure 4.6: CD resolution uncertainty for all wings (Re = 6,000).
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Figure 4.7: CD resolution uncertainty for all wings (Re = 8,000).
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Figure 4.8: CD resolution uncertainty for all wings (Re = 10,000).
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4.1.2 Measurement Repeatability
The second kind of uncertainty is due to the repeatability of the measurements taken and
describes the system consistency. Table 4.2 displays the uncertainties for a few key param-
eters. Since the flow speed was not measured directly, an alternate means was required to
estimate the flow speed fluctuations. Measured force fluctuations can be related directly to
flow speed fluctuations. The load cell signal uncertainties were then “back-calculated” to
an equivalent velocity uncertainty using Eq. 3.12. It is reasonable to assume that not all
of the load cell signal repeatability uncertainty is due to flow speed fluctuations; however,
this method provided a conservative and prudent means of estimating the flow speed fluc-
tuations. The Re uncertainty is due directly to the flow speed uncertainty results. It should
be noted that nothing additional was done to the data to reflect these estimated velocity
fluctuations, since the measurements already include this uncertainty.
Separately, the incidence angle uncertainty represents the slight variations caused by
manually setting the incidence angle. The utmost care was taken to ensure the laser was
centered on each incidence angle demarcation; nevertheless, small deviations did occur. The
measurement repeatability within a given run was determined by the variation of the three
time-averaged samples taken at each incidence. The variations show a strong dependence
with incidence angle, indicating stronger unsteadiness at higher angles. The results are
shown in Figs. 4.9–4.16.
Table 4.2: Parameter Uncertainties Due to Measurement Repeatability.
Parameter Repeatability Uncertainty
Flow Speed < ± 0.04V
Re < ± 260
Incidence Angle ± 0.2 deg
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Figure 4.9: CL repeatability uncertainty for all wings (Re = 4,000).
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Figure 4.10: CL repeatability uncertainty for all wings (Re = 6,000).
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Figure 4.11: CL repeatability uncertainty for all wings (Re = 8,000).
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Figure 4.12: CL repeatability uncertainty for all wings (Re = 10,000).
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Figure 4.13: CD repeatability uncertainty for all wings (Re = 4,000).
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Figure 4.14: CD repeatability uncertainty for all wings (Re = 6,000).
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Figure 4.15: CD repeatability uncertainty for all wings (Re = 8,000).
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Figure 4.16: CD repeatability uncertainty for all wings (Re = 10,000).
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Repeat lift and drag runs using Wing 0008 were performed to determine repeatability
between separate runs. The lift data, seen in Figs. 4.17–4.20, compare fairly well with a
couple of exceptions. Noticeable breaks occur in the lift curves. These breaks are believed
to have been caused by flow hysteresis that was triggered by small increasing and decreasing
manual incidence angle adjustments when setting a given incidence angle. While undesir-
able to inadvertently capture flow hysteresis behavior, the results show were the flow was
particularly sensitive to the hysteresis loop behavior, particularly at Re = 6,000.
The drag data, seen in Figs. 4.21–4.24, show a substantial offset between the baseline and
repeat runs at lower Re. The comparison is poor enough at Re = 4,000 and 6,000 data that
no basis exists to believe that any drag data collected at these Re are valid. Fortunately, the
data at Re = 8,000 and 10,000 demonstrate a much more favorable comparison as it appears
the offset becomes small in relation to the drag force. For nearly all incidence angles, the
data at these two higher Re are at most one standard deviation away from each other, and
the drag curves share most of the same behavioral characteristics.
The total, combined uncertainty (see Eq. 4.1) for each data point is represented by error
bars surrounding each data point presented in Chapter 6.
−15 −10 −5 0 5 10 15 20
−1.0
−0.5
0.0
0.5
1.0
1.5
2.0
α (deg)
CL
Wing 0008 Lift Repeatability − Re = 4,000
Baseline
Repeat
Figure 4.17: Wing 0008 lift curve – baseline vs. repeat comparison (Re = 4,000).
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Figure 4.18: Wing 0008 lift curve – baseline vs. repeat comparison (Re = 6,000).
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Figure 4.19: Wing 0008 lift curve – baseline vs. repeat comparison (Re = 8,000).
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Figure 4.20: Wing 0008 lift curve – baseline vs. repeat comparison (Re = 10,000).
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Figure 4.21: Wing 0008 drag curve – baseline vs. repeat comparison (Re = 4,000).
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Figure 4.22: Wing 0008 drag curve – baseline vs. repeat comparison (Re = 6,000).
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Figure 4.23: Wing 0008 drag curve – baseline vs. repeat comparison (Re = 8,000).
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Figure 4.24: Wing 0008 drag curve – baseline vs. repeat comparison (Re = 10,000).
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4.2 Comparisons with Published Data
Very little data were found for direct comparison to the current lift and drag results. Sunada,
et al. [6] provide by far the closest comparison in lift and drag data for an AR = 7.25, 2.5%
thick flat plate at a Re of 4,000.
For the lift data, the lift curve characteristics compare well until 7 deg incidence. At
this incidence, the Sunada data show a definitive stall break, while the current data show
the lift curve does not have a notable break in the incidence range tested. The reasons for
this discrepancy are not conclusively known, but an examination of known experimental
phenomenon provides insight as to why the stall break is absent. First, the wake blockage
likely significantly increased once the wing began to stall, causing the local flow around the
wing to be larger than the impeller commanded speed. This velocity increase due to wake
blockage was not accounted for in the data. Cunningham, et al. developed a semi-empirical
wake blockage correction for delta wings in a water channel [10], but the equations are not
directly applicable due to the drastic lift curve slope differences between highly swept delta
wings and the moderate AR rectangular wings considered in this work. Second, the tabs
used to connect the wing to the wing support likely acted as boundary layer fences which
inhibited spanwise flow development and delayed stall onset. Third, although the corners of
the tabs were rounded, vortices were likely generated by the tabs and provided additional
energy to the flow over the wing, further delaying stall. Fourth, as was noted earlier in
Section 2.1, the flow turbulence intensity was suspected to be large which historically has
been shown to produce greater CLmax predictions [16, 17]. These arguments are believed to
be sufficient to explain the apparent lift data discrepancies at high incidence angles.
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Figure 4.25: CL comparison with data from Sunada, et al.
While Re of 4,000 and 6,000 are not being considered due to the discussion in the previous
section, the remaining drag data show that CDo as well as CD throughout the linear lift curve
region compare well with the Sunada data presented in Fig. 4.26. The data diverge at the
same incidence as the lift data, strongly supporting the hypothesis that the local velocity
increased notably as the flow separated from the wing. Another source that erroneously
increased the drag estimate is the drag rise due to greater interference drag between the
wing support and the wing at higher incidence angles. The current drag tare applied to
the data is virtually constant versus incidence angle and does not include interference effects
between the wing, wing support, and wing support fairings. This omission was a known fault
in the current tare methodology, and it appears the effects are possibly more significant than
anticipated. In light of the comparison, drag predictions should be viewed as overestimated
for incidence angles around and above stall.
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Figure 4.26: CD comparison with data from Sunada, et al.
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Chapter 5
Summary of Wing Performance Data
The experimental results show that wing lift capability changes dramatically for wings with
larger cambers while wing drag characteristics change only nominally for the Re ranges in
question. The key findings are presented in the following sections.
5.1 Reynolds Number Trends
As observed in Refs. [2–4, 16], the effects of increasing Re are manifested by a continuation
of the lift curve slope to higher angles of attack and are seldom reflected in changes to CLo .
An increase in Re is also associated with a reduction in CDo and reductions in CD at the
angles of attack corresponding to the extension of the lift curve slope. For the 0008 wing,
very little difference was seen over the Re sweep in both the lift and drag data, although
nominal increases in CLmax were present with increasing Re. The 1008 wing, which had the
largest camber tested, exhibited significant incremental lift gains between Re of 4,000 and
10,000 with shifts in CLo and αCL=0 by approximately 0.35 and −4 deg, respectively.
The lift increments between Re are postulated to be caused by substantial differences
in flow separation characteristics of the wing. A conceptual depiction of the suspected
“separation-induced decambering” phenomena is presented in Fig. 5.1. Since the separated
flow regions surrounding the wing dominate the boundary layer displacement and momen-
tum thicknesses, the effective wing camber likely decreased significantly with decreasing Re
as separated flow regions increased in size. As Re is increased, the effective camber would
increase due to smaller regions of separated flow and would be manifested primarily as an
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increment to CLo . A very similar separation-induced decambering effect was seen in the
computational studies of Abdo and Mateescu [18], although for a different type of wing pro-
files at somewhat lower Re. This hypothesis provides the only known plausible explanation
why the lift curve offset trends depend solely on the wing camber magnitude and not on
any other dimensional or non-dimensional property measured in the experiment, such as CL,
flow speed, or incidence angle.
Figure 5.1: Conceptual depiction of the hypothesized separation patterns and resulting
effective camber as a function of Re on a 10% camber wing.
By inspection, the behavior simply cannot be attributed to erroneous experimental phe-
nomenon such as load cell signal drift or upflow variations. If the behavior were due primarily
to load cell signal drift, a significant WOZ reading would be observed at the conclusion of
a series of runs, but the observed post-run WOZ readings were only negligibly different
than the corresponding initial values. Upflow refers to an local flow angle increase due to a
corresponding circulation increase induced by the wing. If upflow variations were primarily
responsible for the behavior, the lift curve increments would be dependent on CL; however,
the lift curve shifts are virtually constant across the incidence angle sweep. Also, the effect
would be manifested though higher lift curve slopes for wings with higher CL, but all the
AR = 8 wings exhibit nearly an identical lift curve slope. Nevertheless, since the Re trends
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presented in this work do not reflect the typical Re trends noted earlier, dye injection flow
visualization on both the pressure and suction sides of the wing should be performed, and
robust interference and boundary corrections should be applied to the data to verify this
separation-induced decambering hypothesis.
The drag data is less conclusive due to the limited Re range at which the data was
repeatable. In general, the Re = 10,000 data is clearly less erratic than the Re = 8,000
data; however, this is likely due to the ratio of the drag force to the stiction present in the
drag measurement instrumentation. This effect is evident when comparing the Wing 0706
and Wing 0710 data as well in which the latter has 1.67 times more drag force, and the
data of the former is by far more discontinuous. The stiction source was likely the screws
that connect the floating support to the drag load cells in that the load cell tap threading
provided slightly more of a clearance fit than was required. Despite the instrumentation
shortfall, the data show that the drag behavior in general has nominal differences between
the two Re values. It should be noted that not all of the discontinuities present in the data
are to be entirely discounted. For example, the low drag estimate obtained for Wing 0308
at approximately −4 deg incidence was originally seen in initial testing and was repeated in
the final data collection. The intriguing result has no known explanation, but its uniqueness
indicates it is likely caused by some anomalous flow phenomena induced by the wing tabs
or wing support and not the wing itself.
5.2 Camber Trends
The effect of camber is pronounced in both the lift and drag data. The lift increment between
0% and 3% camber is relatively constant with increasing Re, but the lift increment gains
with increasing Re for the greater camber wings are all the more evident when viewed with
respect to camber. In terms of lift capability, the line of diminishing returns is evident at
each Re with little difference between 3% and 10% camber at Re = 4,000, while the 10%
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camber finally begins to demonstrate minor lift gains beyond the 7% camber at Re = 10,000.
The extent of flow separation can be inferred directly from the drag curves at either Re as the
drag difference between 7% and 10% camber indicate the dramatic drag increase between
partially separated and fully separated flows. The differences between the 7% and 10%
camber data are relatively constant for the two Re, indicating the separation characteristics
for either wing likely does not appreciably change between these two Re.
The drag polars demonstrate that unless the additional drag is desired, wings with 10%
camber are impractical at these very low Re conditions, and lesser camber profiles will
perform better. In fact, a 3% camber wing provided appreciable, consistent performance
gains over a flat plate across the entire Re range. These characteristics are likely preferable
over the higher cambered wings for which performance varied significantly with small changes
in Re.
5.3 Aspect Ratio Trends
The AR trends observed at very low Re appear to be relatively consistent qualitatively with
the trends that are traditionally seen at higher Re. The AR = 6 wing exhibited a lesser lift
curve slope and showed less total drag at a given incidence angle than that of an AR = 8
wing. The opposite was true for the AR = 10 wing in that it had a greater lift curve slope
and slightly more total drag at a given incidence angle. The lift curves exhibit highly erratic
behavior at lower Re and become much more predictable at the higher Re. Additionally, the
same characteristic shifts in CLo due to the 7% camber occur for the AR = 6 and AR = 10
wings, but in slightly different proportions corresponding to the respective lift curve slope.
In general, Equation 3.1 appears to be applicable as a first order approximations of the
linear lift curve slope, but some caveats should be noted. The AR = 6 lift curve begins to
exhibit a double slope behavior beginning at Re of 8,000 and greater. The incidence angle
at which the change in slope occurs is approximately 2 deg, and the slope decreases roughly
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10% with increasing incidence. Also, the total progression of the lift curves roughly follows
the equation, but local behavior may differ significantly at Re less than 8,000 due to the
strong aerodynamic hysteresis tendencies.
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Chapter 6
Wing Performance Data
The plots presented in this chapter constitute the final data in this work. The data are
presented in the same order they were discussed in the Chapter 5: Re effect for each wing,
wing camber effect at each Re, and wing AR effect at each Re. For a given wing or Re, the
data are presented in three forms: CL versus α lift curves, CD versus α drag curves, and CL
versus CD drag polars. Drag coefficient data taken at Re = 4,000 and 6,000 were shown to
be unrepeatable in Section 4.1.2; therefore, the affected data are presented in Appendix A
and are omitted from this chapter. The data, including the omitted drag coefficient data,
are also presented in tabular form in Appendix B.
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Figure 6.1: Wing 0008 lift curves with Re effect.
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Figure 6.2: Wing 0008 drag curves with Re effect.
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Figure 6.3: Wing 0008 drag polars with Re effect.
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Figure 6.4: Wing 0308 lift curves with Re effect.
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Figure 6.5: Wing 0308 drag curves with Re effect.
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Figure 6.6: Wing 0308 drag polars with Re effect.
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Figure 6.7: Wing 0708 lift curves with Re effect.
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Figure 6.8: Wing 0708 drag curves with Re effect.
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Figure 6.9: Wing 0708 drag polars with Re effect.
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Figure 6.10: Wing 1008 lift curves with Re effect.
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Figure 6.11: Wing 1008 drag curves with Re effect.
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Figure 6.12: Wing 1008 drag polars with Re effect.
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Figure 6.13: Wing 0706 lift curves with Re effect.
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Figure 6.14: Wing 0706 drag curves with Re effect.
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Figure 6.15: Wing 0706 drag polars with Re effect.
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Figure 6.16: Wing 0710 lift curves with Re effect.
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Figure 6.17: Wing 0710 drag curves with Re effect.
84
0.0 0.1 0.2 0.3 0.4 0.5
−1.0
−0.5
0.0
0.5
1.0
1.5
2.0
CD
CL
Wing 0710 − Re Effect
Re =   8,000
Re = 10,000
Figure 6.18: Wing 0710 drag polars with Re effect.
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Figure 6.19: Lift curves at Re = 4,000 with camber effect.
Drag coefficient data at Re = 4,000 were omitted in this section due to repeatability issues
(see Section 4.1.2 for details). The data may be viewed in Appendix A.
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Figure 6.20: Lift curves at Re = 6,000 with camber effect.
Drag coefficient data at Re = 6,000 were omitted in this section due to repeatability issues
(see Section 4.1.2 for details). The data may be viewed in Appendix A.
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Figure 6.21: Lift curves at Re = 8,000 with camber effect.
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Figure 6.22: Drag curves at Re = 8,000 with camber effect.
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Figure 6.23: Drag polars at Re = 8,000 with camber effect.
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Figure 6.24: Lift curves at Re = 10,000 with camber effect.
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Figure 6.25: Drag curves at Re = 10,000 with camber effect.
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Figure 6.26: Drag polars at Re = 10,000 with camber effect.
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Figure 6.27: Lift curves at Re = 4,000 with AR effect.
Drag coefficient data at Re = 4,000 were omitted in this section due to repeatability issues
(see Section 4.1.2 for details). The data may be viewed in Appendix A.
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Figure 6.28: Lift curves at Re = 6,000 with AR effect.
Drag coefficient data at Re = 6,000 were omitted in this section due to repeatability issues
(see Section 4.1.2 for details). The data may be viewed in Appendix A.
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Figure 6.29: Lift curves at Re = 8,000 with AR effect.
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Figure 6.30: Drag curves at Re = 8,000 with AR effect.
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Figure 6.31: Drag polars at Re = 8,000 with AR effect.
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Figure 6.32: Lift curves at Re = 10,000 with AR effect.
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Figure 6.33: Drag curves at Re = 10,000 with AR effect.
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Figure 6.34: Drag polars at Re = 10,000 with AR effect.
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Chapter 7
Conclusions
The efficacy of the load measurement instrumentation was fundamental to data quality
and accuracy. The lift measurement instrumentation was validated at each Re, and the
load cell response demonstrated superb linearity during calibration. Nevertheless, manually
setting the wing incidence angle triggered flow hysteresis at times causing erratic lift curve
behavior, especially at lower Re. This characteristic represented the most significant shortfall
of manually adjusting the incidence angle and does not reflect a shortfall of the lift load
cell instrumentation. The erroneous behavior could likely be avoided by monotonically
increasing the incidence angle in a uniform, precise manner, requiring a small servo motor
to automatically execute the incidence sweep.
The drag measurement instrumentation had decidedly less success toward reliably mea-
suring the drag loads. While somewhat effective at higher Re, the instrument proved unable
to operate adequately at Re less than 8,000. The load cells were sensitive enough to resolve
the minuscule drag forces, but the load transmission from the wing to the load cells was
not rigid enough, introducing erroneous distortions and ultimately resulting in unrepeatable
readings. The fundamental approach to the drag measurement was validated; however, the
methodology and supporting equipment need considerable refinement to remove possible
unintended slack, stiction, or force biases in the load cell connections before use in future
testing.
When considering the data produced, the central finding in this work was the discovery
that separation-induced decambering significantly impacted lift capability for wings with
discete angled profiles. While not intended, the wing profiles chosen for testing proved to be
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the ideal set to examine this behavior. The phenomenon has dramatically reduced the lifting
capability wings with significant camber when decreasing Re from 10,000 to 4,000. From
an design application perspective, the data suggest the behavior could be largely avoided by
choosing a wing camber with characteristics that are insensitive to the phenomenon. Using
this approach, a 3% angled camber wing provided the most consistent lift performance
increment with slightly lower minimum drag when compared to the performance of a flat
plate. In any case, the data strikingly demonstrated the wing cambers that are sensitive
to separation-induced decambering effects and the point at which increasing camber yields
little to no lift benefit or a severe drag penalty.
7.1 Recommendations
The following recommendations should be accomplished prior to any further water tunnel
testing to markedly increase data quality and accuracy.
• The water tunnel flow speed should be measured directly using a water pressure trans-
ducer. Ideally the flow speed measurements should be collected simultaneously with
performance data, or if this is determined to be too cumbersome, a rigorous tunnel
speed calibration should be performed that includes the impact of water temperature.
• The means of setting and measuring the wing incidence angle should be redesigned to
be more accurate and robust. A method that is independent of the wing support axial
or vertical position, such as a rotary dial, is recommended.
• The wing-to-wing support attachment should be redesigned such that spanwise flow
across the wing is not inhibited.
• A method should be developed to properly determine the tare and interference effects
due to the wing support and wing support farings.
• Water channel boundary corrections including corrections for buoyancy, solid blockage,
wake blockage, and streamline curvature should be developed.
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• Hot wire anemometry or an equivalent method should be conducted to determine the
turbulence intensities and flow angularities in the test section as a function of flow
speed.
• The connection between the drag load cells and the floating support should be re-
designed to avoid unintended stiction, momentarily slack load paths, or related hys-
teresis phenomenon.
• If possible, the wing incidence angle should be controlled using a servo motor to elim-
inate manual fidgeting that may impact data quality.
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Appendix A
Unrepeatable Drag Coefficient Data
The figures in Appendix A present drag coefficient data at Re = 4,000 and 6,000 and are in
drag curve form of CD versus α. This data were deemed unrepeatable do to unacceptably
poor repeatability comparisons at these Re for the flat plate wing 0008 (see 4.1.2). The data
are presented here for completeness and informational purposes only. Needless to say, these
results are not intended to be used.
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Figure A.1: Wing 0008 drag curves with Re effect.
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Figure A.2: Wing 0308 drag curves with Re effect.
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Figure A.3: Wing 0708 drag curves with Re effect.
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Figure A.4: Wing 1008 drag curves with Re effect.
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Figure A.5: Wing 0706 drag curves with Re effect.
−15 −10 −5 0 5 10 15 20
0.0
0.1
0.2
0.3
0.4
0.5
α (deg)
CD
Wing 0710 − Re Effect
Re = 4,000
Re = 6,000
Figure A.6: Wing 0710 drag curves with Re effect.
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Appendix B
Tabulated Coefficient Data
Appendix B presents tabulated lift and drag coefficient data with the respective coefficient
total uncertainties. Since the lift and drag data were obtained using separate runs, the
incidence angles and associated uncertainties are tabulated for each coefficient. The data
is grouped by wing and then by Re. The Re for each individual lift and drag run is also
provided.
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Wing 0008
Performance Data
Lift Re = 3,950 ± 140
Drag Re = 3,810 ± 140
α ±σα CL ±σCL α ±σα CD ±σCD
-10.22 0.54 -0.771 0.070 -10.50 0.55 0.162 0.017
-8.52 0.50 -0.681 0.054 -8.75 0.50 0.137 0.017
-6.81 0.45 -0.600 0.090 -7.00 0.46 0.125 0.019
-5.11 0.41 -0.457 0.042 -5.25 0.41 0.102 0.015
-3.41 0.36 -0.297 0.041 -3.50 0.36 0.092 0.030
-1.70 0.32 -0.204 0.041 -1.75 0.32 0.084 0.016
0.00 0.28 0.005 0.051 0.00 0.28 0.060 0.024
1.70 0.32 0.116 0.055 1.75 0.32 0.068 0.015
3.41 0.36 0.252 0.053 3.50 0.36 0.073 0.013
5.11 0.41 0.405 0.053 5.25 0.41 0.097 0.015
6.81 0.45 0.583 0.092 7.00 0.46 0.139 0.019
8.52 0.50 0.637 0.102 8.75 0.50 0.183 0.030
10.22 0.54 0.797 0.075 10.50 0.55 0.206 0.023
11.92 0.59 0.917 0.063 12.25 0.60 0.230 0.028
13.63 0.64 1.014 0.048 14.00 0.65 0.318 0.028
15.33 0.69 1.091 0.074 15.75 0.70 0.332 0.034
Lift Re = 6,140 ± 250
Drag Re = 5,940 ± 240
α ±σα CL ±σCL α ±σα CD ±σCD
-10.22 0.54 -0.734 0.045 -10.50 0.55 0.164 0.020
-8.52 0.50 -0.662 0.050 -8.75 0.50 0.120 0.019
-6.81 0.45 -0.521 0.037 -7.00 0.46 0.105 0.025
-5.11 0.41 -0.395 0.042 -5.25 0.41 0.057 0.024
-3.41 0.36 -0.301 0.047 -3.50 0.36 0.038 0.021
-1.70 0.32 -0.094 0.061 -1.75 0.32 0.032 0.015
0.00 0.28 0.069 0.033 0.00 0.28 0.059 0.010
1.70 0.32 0.217 0.038 1.75 0.32 0.037 0.027
3.41 0.36 0.346 0.048 3.50 0.36 0.081 0.016
5.11 0.41 0.487 0.049 5.25 0.41 0.075 0.032
6.81 0.45 0.567 0.081 7.00 0.46 0.113 0.036
8.52 0.50 0.654 0.106 8.75 0.50 0.114 0.028
10.22 0.54 0.754 0.078 10.50 0.55 0.178 0.026
11.92 0.59 0.975 0.076 12.25 0.60 0.214 0.042
13.63 0.64 1.017 0.090 14.00 0.65 0.306 0.030
15.33 0.69 1.016 0.107 15.75 0.70 0.347 0.022
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Wing 0008
Performance Data (continued)
Lift Re = 8,270 ± 260
Drag Re = 8,200 ± 260
α ±σα CL ±σCL α ±σα CD ±σCD
-10.22 0.54 -0.780 0.045 -10.50 0.55 0.168 0.021
-8.52 0.50 -0.661 0.048 -8.75 0.50 0.125 0.019
-6.81 0.45 -0.521 0.058 -7.00 0.46 0.100 0.017
-5.11 0.41 -0.367 0.056 -5.25 0.41 0.071 0.012
-3.41 0.36 -0.256 0.032 -3.50 0.36 0.052 0.010
-1.70 0.32 -0.118 0.044 -1.75 0.32 0.029 0.010
0.00 0.28 0.039 0.032 0.00 0.28 0.051 0.015
1.70 0.32 0.183 0.031 1.75 0.32 0.046 0.008
3.41 0.36 0.346 0.033 3.50 0.36 0.067 0.012
5.11 0.41 0.463 0.045 5.25 0.41 0.100 0.015
6.81 0.45 0.654 0.046 7.00 0.46 0.123 0.014
8.52 0.50 0.710 0.085 8.75 0.50 0.139 0.023
10.22 0.54 0.848 0.057 10.50 0.55 0.189 0.022
11.92 0.59 0.908 0.022 12.25 0.60 0.255 0.028
13.63 0.64 0.968 0.081 14.00 0.65 0.304 0.024
15.33 0.69 1.091 0.049 15.75 0.70 0.348 0.020
Lift Re = 10,020 ± 220
Drag Re = 10,140 ± 220
α ±σα CL ±σCL α ±σα CD ±σCD
-10.22 0.54 -0.790 0.028 -10.50 0.55 0.152 0.016
-8.52 0.50 -0.723 0.040 -8.75 0.50 0.117 0.019
-6.81 0.45 -0.549 0.042 -7.00 0.46 0.107 0.018
-5.11 0.41 -0.425 0.044 -5.25 0.41 0.067 0.014
-3.41 0.36 -0.274 0.051 -3.50 0.36 0.053 0.016
-1.70 0.32 -0.125 0.035 -1.75 0.32 0.043 0.010
0.00 0.28 0.019 0.036 0.00 0.28 0.048 0.011
1.70 0.32 0.177 0.038 1.75 0.32 0.050 0.007
3.41 0.36 0.320 0.029 3.50 0.36 0.058 0.019
5.11 0.41 0.448 0.044 5.25 0.41 0.077 0.007
6.81 0.45 0.607 0.044 7.00 0.46 0.103 0.020
8.52 0.50 0.745 0.062 8.75 0.50 0.153 0.017
10.22 0.54 0.899 0.082 10.50 0.55 0.193 0.022
11.92 0.59 0.985 0.031 12.25 0.60 0.251 0.025
13.63 0.64 1.073 0.042 14.00 0.65 0.308 0.026
15.33 0.69 1.148 0.026 15.75 0.70 0.355 0.024
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Wing 0308
Performance Data
Lift Re = 3,820 ± 140
Drag Re = 3,790 ± 140
α ±σα CL ±σCL α ±σα CD ±σCD
-10.31 0.55 -0.659 0.063 -10.41 0.55 0.165 0.029
-8.59 0.50 -0.519 0.047 -8.67 0.50 0.125 0.024
-6.88 0.45 -0.431 0.072 -6.94 0.45 0.119 0.015
-5.16 0.41 -0.291 0.045 -5.20 0.41 0.113 0.019
-3.44 0.36 -0.090 0.054 -3.47 0.36 0.066 0.031
-1.72 0.32 0.036 0.049 -1.73 0.32 0.053 0.014
0.00 0.28 0.145 0.034 0.00 0.28 0.070 0.021
1.72 0.32 0.303 0.050 1.73 0.32 0.083 0.024
3.44 0.36 0.463 0.077 3.47 0.36 0.082 0.018
5.16 0.41 0.664 0.074 5.20 0.41 0.077 0.013
6.88 0.45 0.760 0.051 6.94 0.45 0.112 0.018
8.59 0.50 0.848 0.108 8.67 0.50 0.141 0.021
10.31 0.55 0.968 0.045 10.41 0.55 0.173 0.024
12.03 0.60 1.075 0.053 12.14 0.60 0.235 0.027
13.75 0.64 1.146 0.056 13.87 0.65 0.297 0.025
15.47 0.69 1.233 0.069 15.61 0.70 0.322 0.037
Lift Re = 5,990 ± 250
Drag Re = 5,970 ± 240
α ±σα CL ±σCL α ±σα CD ±σCD
-10.31 0.55 -0.562 0.062 -10.41 0.55 0.157 0.021
-8.59 0.50 -0.413 0.040 -8.67 0.50 0.137 0.027
-6.88 0.45 -0.306 0.032 -6.94 0.45 0.117 0.023
-5.16 0.41 -0.227 0.069 -5.20 0.41 0.076 0.021
-3.44 0.36 -0.068 0.050 -3.47 0.36 0.057 0.017
-1.72 0.32 0.160 0.064 -1.73 0.32 0.034 0.014
0.00 0.28 0.146 0.023 0.00 0.28 0.030 0.013
1.72 0.32 0.425 0.070 1.73 0.32 0.071 0.025
3.44 0.36 0.538 0.105 3.47 0.36 0.097 0.026
5.16 0.41 0.680 0.110 5.20 0.41 0.096 0.021
6.88 0.45 0.806 0.108 6.94 0.45 0.115 0.015
8.59 0.50 1.033 0.061 8.67 0.50 0.146 0.047
10.31 0.55 1.103 0.096 10.41 0.55 0.217 0.033
12.03 0.60 1.104 0.072 12.14 0.60 0.240 0.030
13.75 0.64 1.126 0.096 13.87 0.65 0.352 0.042
15.47 0.69 1.172 0.076 15.61 0.70 0.362 0.039
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Performance Data (continued)
Lift Re = 8,200 ± 260
Drag Re = 8,200 ± 260
α ±σα CL ±σCL α ±σα CD ±σCD
-10.31 0.55 -0.558 0.043 -10.41 0.55 0.150 0.016
-8.59 0.50 -0.444 0.037 -8.67 0.50 0.112 0.016
-6.88 0.45 -0.321 0.040 -6.94 0.45 0.090 0.016
-5.16 0.41 -0.148 0.055 -5.20 0.41 0.068 0.016
-3.44 0.36 -0.019 0.039 -3.47 0.36 0.022 0.016
-1.72 0.32 0.131 0.054 -1.73 0.32 0.029 0.009
0.00 0.28 0.284 0.042 0.00 0.28 0.042 0.017
1.72 0.32 0.430 0.066 1.73 0.32 0.049 0.008
3.44 0.36 0.562 0.060 3.47 0.36 0.061 0.011
5.16 0.41 0.721 0.070 5.20 0.41 0.109 0.010
6.88 0.45 0.802 0.050 6.94 0.45 0.107 0.011
8.59 0.50 0.917 0.045 8.67 0.50 0.130 0.028
10.31 0.55 1.080 0.074 10.41 0.55 0.212 0.030
12.03 0.60 1.165 0.069 12.14 0.60 0.240 0.013
13.75 0.64 1.185 0.023 13.87 0.65 0.275 0.043
15.47 0.69 1.235 0.051 15.61 0.70 0.332 0.031
Lift Re = 10,090 ± 220
Drag Re = 10,150 ± 220
α ±σα CL ±σCL α ±σα CD ±σCD
-10.31 0.55 -0.611 0.050 -10.41 0.55 0.140 0.012
-8.59 0.50 -0.467 0.043 -8.67 0.50 0.113 0.012
-6.88 0.45 -0.339 0.040 -6.94 0.45 0.096 0.016
-5.16 0.41 -0.190 0.050 -5.20 0.41 0.060 0.018
-3.44 0.36 -0.006 0.035 -3.47 0.36 0.048 0.016
-1.72 0.32 0.103 0.041 -1.73 0.32 0.037 0.009
0.00 0.28 0.291 0.033 0.00 0.28 0.041 0.009
1.72 0.32 0.477 0.029 1.73 0.32 0.056 0.008
3.44 0.36 0.582 0.052 3.47 0.36 0.069 0.020
5.16 0.41 0.703 0.050 5.20 0.41 0.081 0.016
6.88 0.45 0.834 0.064 6.94 0.45 0.120 0.018
8.59 0.50 1.047 0.039 8.67 0.50 0.152 0.020
10.31 0.55 1.097 0.031 10.41 0.55 0.212 0.021
12.03 0.60 1.190 0.093 12.14 0.60 0.251 0.025
13.75 0.64 1.259 0.032 13.87 0.65 0.327 0.026
15.47 0.69 1.292 0.041 15.61 0.70 0.336 0.031
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Performance Data
Lift Re = 3,820 ± 140
Drag Re = 3,820 ± 140
α ±σα CL ±σCL α ±σα CD ±σCD
-10.22 0.54 -0.481 0.066 -10.41 0.55 0.198 0.046
-8.52 0.50 -0.323 0.055 -8.67 0.50 0.132 0.032
-6.81 0.45 -0.226 0.045 -6.94 0.45 0.151 0.013
-5.11 0.41 -0.123 0.038 -5.20 0.41 0.103 0.016
-3.41 0.36 -0.043 0.039 -3.47 0.36 0.082 0.028
-1.70 0.32 0.122 0.038 -1.73 0.32 0.082 0.013
0.00 0.28 0.305 0.029 0.00 0.28 0.074 0.022
1.70 0.32 0.404 0.036 1.73 0.32 0.110 0.016
3.41 0.36 0.524 0.031 3.47 0.36 0.091 0.015
5.11 0.41 0.601 0.059 5.20 0.41 0.107 0.012
6.81 0.45 0.838 0.076 6.94 0.45 0.121 0.012
8.52 0.50 0.928 0.056 8.67 0.50 0.132 0.026
10.22 0.54 1.093 0.077 10.41 0.55 0.183 0.019
11.92 0.59 1.153 0.065 12.14 0.60 0.221 0.023
13.63 0.64 1.303 0.054 13.87 0.65 0.253 0.027
15.33 0.69 1.379 0.050 15.61 0.70 0.322 0.053
Lift Re = 5,980 ± 250
Drag Re = 5,980 ± 250
α ±σα CL ±σCL α ±σα CD ±σCD
-10.22 0.54 -0.383 0.045 -10.41 0.55 0.192 0.020
-8.52 0.50 -0.325 0.035 -8.67 0.50 0.143 0.021
-6.81 0.45 -0.196 0.052 -6.94 0.45 0.106 0.018
-5.11 0.41 -0.086 0.054 -5.20 0.41 0.099 0.014
-3.41 0.36 0.053 0.067 -3.47 0.36 0.076 0.021
-1.70 0.32 0.133 0.032 -1.73 0.32 0.059 0.024
0.00 0.28 0.348 0.081 0.00 0.28 0.075 0.014
1.70 0.32 0.508 0.107 1.73 0.32 0.091 0.024
3.41 0.36 0.607 0.053 3.47 0.36 0.107 0.018
5.11 0.41 0.738 0.085 5.20 0.41 0.107 0.019
6.81 0.45 0.729 0.067 6.94 0.45 0.135 0.015
8.52 0.50 0.957 0.099 8.67 0.50 0.150 0.031
10.22 0.54 1.174 0.066 10.41 0.55 0.222 0.022
11.92 0.59 1.354 0.096 12.14 0.60 0.211 0.027
13.63 0.64 1.477 0.067 13.87 0.65 0.244 0.036
15.33 0.69 1.302 0.151 15.61 0.70 0.326 0.053
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Performance Data (continued)
Lift Re = 8,190 ± 260
Drag Re = 8,200 ± 260
α ±σα CL ±σCL α ±σα CD ±σCD
-10.22 0.54 -0.388 0.034 -10.41 0.55 0.157 0.020
-8.52 0.50 -0.274 0.038 -8.67 0.50 0.135 0.025
-6.81 0.45 -0.133 0.038 -6.94 0.45 0.120 0.015
-5.11 0.41 -0.003 0.042 -5.20 0.41 0.094 0.011
-3.41 0.36 0.158 0.051 -3.47 0.36 0.059 0.008
-1.70 0.32 0.307 0.036 -1.73 0.32 0.069 0.008
0.00 0.28 0.427 0.040 0.00 0.28 0.071 0.016
1.70 0.32 0.588 0.040 1.73 0.32 0.066 0.008
3.41 0.36 0.701 0.057 3.47 0.36 0.080 0.016
5.11 0.41 0.878 0.039 5.20 0.41 0.105 0.012
6.81 0.45 0.940 0.043 6.94 0.45 0.135 0.014
8.52 0.50 1.127 0.085 8.67 0.50 0.173 0.016
10.22 0.54 1.306 0.057 10.41 0.55 0.202 0.018
11.92 0.59 1.355 0.052 12.14 0.60 0.239 0.017
13.63 0.64 1.325 0.127 13.87 0.65 0.274 0.017
15.33 0.69 1.248 0.129 15.61 0.70 0.306 0.021
Lift Re = 10,100 ± 220
Drag Re = 10,110 ± 220
α ±σα CL ±σCL α ±σα CD ±σCD
-10.22 0.54 -0.397 0.043 -10.41 0.55 0.142 0.012
-8.52 0.50 -0.275 0.049 -8.67 0.50 0.128 0.013
-6.81 0.45 -0.142 0.040 -6.94 0.45 0.104 0.014
-5.11 0.41 0.011 0.044 -5.20 0.41 0.081 0.012
-3.41 0.36 0.168 0.054 -3.47 0.36 0.071 0.018
-1.70 0.32 0.375 0.033 -1.73 0.32 0.055 0.007
0.00 0.28 0.516 0.033 0.00 0.28 0.062 0.010
1.70 0.32 0.634 0.038 1.73 0.32 0.069 0.008
3.41 0.36 0.719 0.066 3.47 0.36 0.082 0.018
5.11 0.41 1.018 0.048 5.20 0.41 0.084 0.015
6.81 0.45 1.020 0.066 6.94 0.45 0.137 0.014
8.52 0.50 1.202 0.035 8.67 0.50 0.161 0.015
10.22 0.54 1.217 0.053 10.41 0.55 0.190 0.019
11.92 0.59 1.340 0.118 12.14 0.60 0.244 0.023
13.63 0.64 1.526 0.043 13.87 0.65 0.304 0.024
15.33 0.69 1.456 0.083 15.61 0.70 0.344 0.016
111
Wing 1008
Performance Data
Lift Re = 3,810 ± 140
Drag Re = 3,810 ± 140
α ±σα CL ±σCL α ±σα CD ±σCD
-10.41 0.55 -0.452 0.054 -10.50 0.55 0.206 0.020
-8.67 0.50 -0.355 0.055 -8.75 0.50 0.191 0.024
-6.94 0.45 -0.304 0.061 -7.00 0.46 0.165 0.028
-5.20 0.41 -0.160 0.082 -5.25 0.41 0.192 0.031
-3.47 0.36 -0.040 0.047 -3.50 0.36 0.131 0.028
-1.73 0.32 0.102 0.034 -1.75 0.32 0.126 0.013
0.00 0.28 0.199 0.037 0.00 0.28 0.117 0.022
1.73 0.32 0.470 0.051 1.75 0.32 0.104 0.011
3.47 0.36 0.615 0.036 3.50 0.36 0.114 0.017
5.20 0.41 0.693 0.050 5.25 0.41 0.160 0.012
6.94 0.45 0.778 0.115 7.00 0.46 0.152 0.011
8.67 0.50 0.957 0.094 8.75 0.50 0.142 0.025
10.41 0.55 1.147 0.148 10.50 0.55 0.161 0.017
12.14 0.60 1.201 0.057 12.25 0.60 0.214 0.024
13.87 0.65 1.385 0.072 14.00 0.65 0.242 0.024
15.61 0.70 1.502 0.047 15.75 0.70 0.294 0.043
Lift Re = 5,950 ± 240
Drag Re = 5,960 ± 240
α ±σα CL ±σCL α ±σα CD ±σCD
-10.41 0.55 -0.372 0.023 -10.50 0.55 0.215 0.039
-8.67 0.50 -0.301 0.034 -8.75 0.50 0.173 0.019
-6.94 0.45 -0.179 0.062 -7.00 0.46 0.188 0.027
-5.20 0.41 -0.118 0.042 -5.25 0.41 0.127 0.028
-3.47 0.36 0.026 0.027 -3.50 0.36 0.112 0.016
-1.73 0.32 0.125 0.067 -1.75 0.32 0.103 0.015
0.00 0.28 0.347 0.099 0.00 0.28 0.111 0.013
1.73 0.32 0.414 0.113 1.75 0.32 0.110 0.025
3.47 0.36 0.690 0.037 3.50 0.36 0.124 0.017
5.20 0.41 0.710 0.089 5.25 0.41 0.106 0.020
6.94 0.45 0.955 0.091 7.00 0.46 0.137 0.014
8.67 0.50 1.115 0.052 8.75 0.50 0.112 0.027
10.41 0.55 1.180 0.068 10.50 0.55 0.202 0.037
12.14 0.60 1.324 0.127 12.25 0.60 0.205 0.034
13.87 0.65 1.464 0.101 14.00 0.65 0.292 0.030
15.61 0.70 1.376 0.099 15.75 0.70 0.325 0.044
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Performance Data (continued)
Lift Re = 8,200 ± 260
Drag Re = 8,200 ± 260
α ±σα CL ±σCL α ±σα CD ±σCD
-10.41 0.55 -0.300 0.045 -10.50 0.55 0.197 0.019
-8.67 0.50 -0.192 0.038 -8.75 0.50 0.158 0.024
-6.94 0.45 -0.085 0.045 -7.00 0.46 0.159 0.015
-5.20 0.41 0.011 0.036 -5.25 0.41 0.131 0.009
-3.47 0.36 0.114 0.067 -3.50 0.36 0.104 0.009
-1.73 0.32 0.311 0.035 -1.75 0.32 0.097 0.012
0.00 0.28 0.426 0.051 0.00 0.28 0.111 0.013
1.73 0.32 0.601 0.039 1.75 0.32 0.088 0.017
3.47 0.36 0.740 0.106 3.50 0.36 0.106 0.013
5.20 0.41 0.768 0.104 5.25 0.41 0.133 0.010
6.94 0.45 0.951 0.121 7.00 0.46 0.129 0.026
8.67 0.50 1.091 0.169 8.75 0.50 0.177 0.021
10.41 0.55 1.249 0.044 10.50 0.55 0.194 0.013
12.14 0.60 1.359 0.096 12.25 0.60 0.220 0.026
13.87 0.65 1.416 0.116 14.00 0.65 0.283 0.026
15.61 0.70 1.453 0.047 15.75 0.70 0.331 0.017
Lift Re = 10,150 ± 220
Drag Re = 10,130 ± 220
α ±σα CL ±σCL α ±σα CD ±σCD
-10.41 0.55 -0.296 0.044 -10.50 0.55 0.194 0.022
-8.67 0.50 -0.161 0.050 -8.75 0.50 0.157 0.016
-6.94 0.45 -0.032 0.042 -7.00 0.46 0.152 0.011
-5.20 0.41 0.081 0.048 -5.25 0.41 0.125 0.013
-3.47 0.36 0.255 0.050 -3.50 0.36 0.119 0.016
-1.73 0.32 0.406 0.046 -1.75 0.32 0.109 0.008
0.00 0.28 0.579 0.030 0.00 0.28 0.101 0.012
1.73 0.32 0.681 0.065 1.75 0.32 0.112 0.013
3.47 0.36 0.878 0.074 3.50 0.36 0.117 0.017
5.20 0.41 0.981 0.074 5.25 0.41 0.122 0.009
6.94 0.45 1.178 0.065 7.00 0.46 0.143 0.013
8.67 0.50 1.213 0.092 8.75 0.50 0.170 0.015
10.41 0.55 1.292 0.049 10.50 0.55 0.209 0.017
12.14 0.60 1.429 0.093 12.25 0.60 0.239 0.022
13.87 0.65 1.509 0.029 14.00 0.65 0.297 0.025
15.61 0.70 1.537 0.037 15.75 0.70 0.354 0.034
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Performance Data
Lift Re = 3,810 ± 140
Drag Re = 3,810 ± 140
α ±σα CL ±σCL α ±σα CD ±σCD
-10.41 0.55 -0.427 0.057 -10.50 0.55 0.163 0.035
-8.67 0.50 -0.380 0.033 -8.75 0.50 0.115 0.029
-6.94 0.45 -0.291 0.088 -7.00 0.46 0.086 0.018
-5.20 0.41 -0.178 0.043 -5.25 0.41 0.070 0.030
-3.47 0.36 -0.100 0.073 -3.50 0.36 0.076 0.043
-1.73 0.32 0.101 0.086 -1.75 0.32 0.086 0.021
0.00 0.28 0.148 0.032 0.00 0.28 0.052 0.028
1.73 0.32 0.331 0.048 1.75 0.32 0.057 0.016
3.47 0.36 0.483 0.042 3.50 0.36 0.065 0.021
5.20 0.41 0.635 0.061 5.25 0.41 0.067 0.018
6.94 0.45 0.635 0.066 7.00 0.46 0.115 0.022
8.67 0.50 0.730 0.088 8.75 0.50 0.130 0.027
10.41 0.55 0.923 0.138 10.50 0.55 0.190 0.020
12.14 0.60 1.001 0.069 12.25 0.60 0.204 0.022
13.87 0.65 1.166 0.120 14.00 0.65 0.244 0.022
15.61 0.70 1.214 0.047 15.75 0.70 0.276 0.043
Lift Re = 5,960 ± 240
Drag Re = 5,960 ± 240
α ±σα CL ±σCL α ±σα CD ±σCD
-10.41 0.55 -0.331 0.049 -10.50 0.55 0.175 0.040
-8.67 0.50 -0.251 0.063 -8.75 0.50 0.096 0.016
-6.94 0.45 -0.224 0.038 -7.00 0.46 0.094 0.016
-5.20 0.41 0.006 0.075 -5.25 0.41 0.063 0.026
-3.47 0.36 0.117 0.052 -3.50 0.36 0.032 0.025
-1.73 0.32 0.268 0.064 -1.75 0.32 0.052 0.026
0.00 0.28 0.412 0.075 0.00 0.28 0.105 0.023
1.73 0.32 0.373 0.100 1.75 0.32 0.072 0.033
3.47 0.36 0.515 0.086 3.50 0.36 0.122 0.022
5.20 0.41 0.795 0.063 5.25 0.41 0.099 0.023
6.94 0.45 0.903 0.050 7.00 0.46 0.131 0.028
8.67 0.50 1.077 0.045 8.75 0.50 0.128 0.036
10.41 0.55 1.062 0.093 10.50 0.55 0.210 0.036
12.14 0.60 1.289 0.090 12.25 0.60 0.197 0.044
13.87 0.65 1.239 0.083 14.00 0.65 0.244 0.040
15.61 0.70 1.379 0.106 15.75 0.70 0.355 0.084
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Performance Data (continued)
Lift Re = 8,190 ± 260
Drag Re = 8,200 ± 260
α ±σα CL ±σCL α ±σα CD ±σCD
-10.41 0.55 -0.370 0.057 -10.50 0.55 0.143 0.031
-8.67 0.50 -0.212 0.056 -8.75 0.50 0.090 0.022
-6.94 0.45 -0.046 0.037 -7.00 0.46 0.098 0.018
-5.20 0.41 0.018 0.054 -5.25 0.41 0.083 0.013
-3.47 0.36 0.143 0.077 -3.50 0.36 0.065 0.010
-1.73 0.32 0.279 0.101 -1.75 0.32 0.057 0.019
0.00 0.28 0.360 0.081 0.00 0.28 0.082 0.019
1.73 0.32 0.561 0.059 1.75 0.32 0.069 0.012
3.47 0.36 0.684 0.050 3.50 0.36 0.066 0.018
5.20 0.41 0.801 0.035 5.25 0.41 0.117 0.017
6.94 0.45 0.827 0.102 7.00 0.46 0.127 0.015
8.67 0.50 1.057 0.055 8.75 0.50 0.134 0.030
10.41 0.55 1.090 0.056 10.50 0.55 0.182 0.024
12.14 0.60 1.195 0.071 12.25 0.60 0.238 0.022
13.87 0.65 1.266 0.058 14.00 0.65 0.293 0.028
15.61 0.70 1.276 0.042 15.75 0.70 0.343 0.026
Lift Re = 10,170 ± 220
Drag Re = 10,130 ± 220
α ±σα CL ±σCL α ±σα CD ±σCD
-10.41 0.55 -0.341 0.046 -10.50 0.55 0.127 0.022
-8.67 0.50 -0.244 0.042 -8.75 0.50 0.107 0.013
-6.94 0.45 -0.099 0.045 -7.00 0.46 0.115 0.017
-5.20 0.41 0.060 0.070 -5.25 0.41 0.082 0.017
-3.47 0.36 0.149 0.043 -3.50 0.36 0.070 0.026
-1.73 0.32 0.289 0.032 -1.75 0.32 0.075 0.013
0.00 0.28 0.475 0.083 0.00 0.28 0.057 0.024
1.73 0.32 0.636 0.037 1.75 0.32 0.068 0.013
3.47 0.36 0.750 0.048 3.50 0.36 0.097 0.023
5.20 0.41 0.864 0.040 5.25 0.41 0.105 0.013
6.94 0.45 0.951 0.058 7.00 0.46 0.138 0.014
8.67 0.50 1.060 0.056 8.75 0.50 0.164 0.020
10.41 0.55 1.149 0.047 10.50 0.55 0.197 0.020
12.14 0.60 1.178 0.082 12.25 0.60 0.238 0.031
13.87 0.65 1.316 0.052 14.00 0.65 0.291 0.027
15.61 0.70 1.328 0.046 15.75 0.70 0.345 0.036
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Performance Data
Lift Re = 3,790 ± 140
Drag Re = 3,800 ± 140
α ±σα CL ±σCL α ±σα CD ±σCD
-10.41 0.55 -0.490 0.033 -10.50 0.55 0.226 0.015
-8.67 0.50 -0.381 0.050 -8.75 0.50 0.212 0.019
-6.94 0.45 -0.221 0.043 -7.00 0.46 0.183 0.015
-5.20 0.41 -0.099 0.051 -5.25 0.41 0.158 0.021
-3.47 0.36 0.076 0.038 -3.50 0.36 0.107 0.032
-1.73 0.32 0.200 0.029 -1.75 0.32 0.110 0.011
0.00 0.28 0.332 0.074 0.00 0.28 0.105 0.017
1.73 0.32 0.454 0.037 1.75 0.32 0.115 0.013
3.47 0.36 0.673 0.047 3.50 0.36 0.114 0.011
5.20 0.41 0.852 0.054 5.25 0.41 0.139 0.016
6.94 0.45 0.996 0.097 7.00 0.46 0.169 0.012
8.67 0.50 1.159 0.065 8.75 0.50 0.189 0.022
10.41 0.55 1.229 0.059 10.50 0.55 0.232 0.022
12.14 0.60 1.438 0.106 12.25 0.60 0.282 0.019
13.87 0.65 1.373 0.099 14.00 0.65 0.316 0.027
15.61 0.70 1.426 0.091 15.75 0.70 0.399 0.051
Lift Re = 5,960 ± 240
Drag Re = 5,980 ± 250
α ±σα CL ±σCL α ±σα CD ±σCD
-10.41 0.55 -0.460 0.075 -10.50 0.55 0.207 0.023
-8.67 0.50 -0.293 0.050 -8.75 0.50 0.173 0.016
-6.94 0.45 -0.198 0.042 -7.00 0.46 0.146 0.016
-5.20 0.41 -0.048 0.040 -5.25 0.41 0.093 0.010
-3.47 0.36 0.131 0.049 -3.50 0.36 0.106 0.018
-1.73 0.32 0.305 0.032 -1.75 0.32 0.077 0.024
0.00 0.28 0.390 0.095 0.00 0.28 0.103 0.012
1.73 0.32 0.667 0.062 1.75 0.32 0.093 0.018
3.47 0.36 0.705 0.021 3.50 0.36 0.122 0.013
5.20 0.41 0.779 0.093 5.25 0.41 0.113 0.014
6.94 0.45 1.172 0.090 7.00 0.46 0.131 0.022
8.67 0.50 1.326 0.044 8.75 0.50 0.191 0.025
10.41 0.55 1.342 0.075 10.50 0.55 0.231 0.024
12.14 0.60 1.324 0.072 12.25 0.60 0.267 0.026
13.87 0.65 1.463 0.057 14.00 0.65 0.309 0.043
15.61 0.70 1.520 0.078 15.75 0.70 0.369 0.057
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Wing 0710
Performance Data (continued)
Lift Re = 8,200 ± 260
Drag Re = 8,210 ± 260
α ±σα CL ±σCL α ±σα CD ±σCD
-10.41 0.55 -0.416 0.025 -10.50 0.55 0.194 0.018
-8.67 0.50 -0.330 0.041 -8.75 0.50 0.149 0.014
-6.94 0.45 -0.147 0.043 -7.00 0.46 0.132 0.014
-5.20 0.41 -0.008 0.034 -5.25 0.41 0.104 0.010
-3.47 0.36 0.136 0.046 -3.50 0.36 0.078 0.009
-1.73 0.32 0.325 0.042 -1.75 0.32 0.080 0.007
0.00 0.28 0.490 0.030 0.00 0.28 0.085 0.010
1.73 0.32 0.661 0.032 1.75 0.32 0.077 0.009
3.47 0.36 0.772 0.061 3.50 0.36 0.095 0.009
5.20 0.41 0.961 0.060 5.25 0.41 0.121 0.012
6.94 0.45 1.130 0.058 7.00 0.46 0.127 0.013
8.67 0.50 1.148 0.083 8.75 0.50 0.169 0.017
10.41 0.55 1.327 0.077 10.50 0.55 0.218 0.019
12.14 0.60 1.405 0.057 12.25 0.60 0.275 0.020
13.87 0.65 1.445 0.039 14.00 0.65 0.309 0.024
15.61 0.70 1.422 0.039 15.75 0.70 0.371 0.055
Lift Re = 10,160 ± 220
Drag Re = 10,130 ± 220
α ±σα CL ±σCL α ±σα CD ±σCD
-10.41 0.55 -0.443 0.055 -10.50 0.55 0.188 0.014
-8.67 0.50 -0.297 0.045 -8.75 0.50 0.159 0.014
-6.94 0.45 -0.161 0.048 -7.00 0.46 0.131 0.014
-5.20 0.41 0.016 0.043 -5.25 0.41 0.100 0.018
-3.47 0.36 0.188 0.044 -3.50 0.36 0.085 0.014
-1.73 0.32 0.370 0.046 -1.75 0.32 0.070 0.010
0.00 0.28 0.556 0.037 0.00 0.28 0.070 0.013
1.73 0.32 0.737 0.031 1.75 0.32 0.080 0.007
3.47 0.36 0.863 0.035 3.50 0.36 0.093 0.016
5.20 0.41 1.031 0.054 5.25 0.41 0.112 0.009
6.94 0.45 1.102 0.045 7.00 0.46 0.136 0.016
8.67 0.50 1.245 0.043 8.75 0.50 0.181 0.019
10.41 0.55 1.383 0.066 10.50 0.55 0.224 0.018
12.14 0.60 1.463 0.038 12.25 0.60 0.276 0.025
13.87 0.65 1.440 0.077 14.00 0.65 0.356 0.028
15.61 0.70 1.517 0.064 15.75 0.70 0.392 0.016
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Wing 0008 (Repeat)
Performance Data
Lift Re = 3,800 ± 140
Drag Re = 3,790 ± 140
α ±σα CL ±σCL α ±σα CD ±σCD
-10.41 0.55 -0.803 0.059 -10.50 0.55 0.234 0.017
-8.67 0.50 -0.695 0.064 -8.75 0.50 0.218 0.028
-6.94 0.45 -0.552 0.042 -7.00 0.46 0.185 0.021
-5.20 0.41 -0.421 0.072 -5.25 0.41 0.148 0.013
-3.47 0.36 -0.335 0.071 -3.50 0.36 0.167 0.028
-1.73 0.32 -0.201 0.049 -1.75 0.32 0.128 0.012
0.00 0.28 -0.035 0.038 0.00 0.28 0.100 0.022
1.73 0.32 0.110 0.032 1.75 0.32 0.129 0.012
3.47 0.36 0.281 0.048 3.50 0.36 0.141 0.015
5.20 0.41 0.428 0.071 5.25 0.41 0.126 0.014
6.94 0.45 0.612 0.071 7.00 0.46 0.174 0.017
8.67 0.50 0.783 0.051 8.75 0.50 0.221 0.030
10.41 0.55 0.920 0.099 10.50 0.55 0.228 0.017
12.14 0.60 1.040 0.035 12.25 0.60 0.272 0.030
13.87 0.65 0.996 0.042 14.00 0.65 0.376 0.041
15.61 0.70 1.123 0.095 15.75 0.70 0.393 0.034
Lift Re = 5,930 ± 240
Drag Re = 5,950 ± 240
α ±σα CL ±σCL α ±σα CD ±σCD
-10.41 0.55 -0.766 0.089 -10.50 0.55 0.210 0.031
-8.67 0.50 -0.565 0.054 -8.75 0.50 0.167 0.038
-6.94 0.45 -0.490 0.051 -7.00 0.46 0.122 0.016
-5.20 0.41 -0.406 0.051 -5.25 0.41 0.095 0.016
-3.47 0.36 -0.151 0.043 -3.50 0.36 0.077 0.023
-1.73 0.32 -0.101 0.038 -1.75 0.32 0.067 0.020
0.00 0.28 0.042 0.036 0.00 0.28 0.074 0.021
1.73 0.32 0.177 0.028 1.75 0.32 0.081 0.027
3.47 0.36 0.292 0.094 3.50 0.36 0.100 0.019
5.20 0.41 0.535 0.088 5.25 0.41 0.133 0.023
6.94 0.45 0.608 0.074 7.00 0.46 0.120 0.014
8.67 0.50 0.721 0.107 8.75 0.50 0.180 0.032
10.41 0.55 0.953 0.042 10.50 0.55 0.224 0.044
12.14 0.60 0.900 0.072 12.25 0.60 0.298 0.023
13.87 0.65 1.065 0.084 14.00 0.65 0.281 0.030
15.61 0.70 1.156 0.083 15.75 0.70 0.344 0.061
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Wing 0008 (Repeat)
Performance Data (continued)
Lift Re = 8,180 ± 260
Drag Re = 8,190 ± 260
α ±σα CL ±σCL α ±σα CD ±σCD
-10.41 0.55 -0.761 0.049 -10.50 0.55 0.182 0.029
-8.67 0.50 -0.625 0.064 -8.75 0.50 0.119 0.017
-6.94 0.45 -0.485 0.034 -7.00 0.46 0.108 0.013
-5.20 0.41 -0.372 0.044 -5.25 0.41 0.091 0.016
-3.47 0.36 -0.224 0.044 -3.50 0.36 0.065 0.008
-1.73 0.32 -0.091 0.026 -1.75 0.32 0.052 0.007
0.00 0.28 0.048 0.039 0.00 0.28 0.063 0.016
1.73 0.32 0.227 0.038 1.75 0.32 0.051 0.009
3.47 0.36 0.367 0.035 3.50 0.36 0.068 0.015
5.20 0.41 0.515 0.039 5.25 0.41 0.106 0.013
6.94 0.45 0.674 0.045 7.00 0.46 0.130 0.020
8.67 0.50 0.795 0.032 8.75 0.50 0.174 0.018
10.41 0.55 0.859 0.049 10.50 0.55 0.219 0.020
12.14 0.60 0.974 0.034 12.25 0.60 0.235 0.027
13.87 0.65 1.008 0.099 14.00 0.65 0.300 0.040
15.61 0.70 1.076 0.065 15.75 0.70 0.353 0.020
Lift Re = 10,180 ± 220
Drag Re = 10,170 ± 220
α ±σα CL ±σCL α ±σα CD ±σCD
-10.41 0.55 -0.743 0.043 -10.50 0.55 0.172 0.021
-8.67 0.50 -0.634 0.037 -8.75 0.50 0.135 0.013
-6.94 0.45 -0.512 0.054 -7.00 0.46 0.118 0.012
-5.20 0.41 -0.387 0.035 -5.25 0.41 0.082 0.017
-3.47 0.36 -0.223 0.033 -3.50 0.36 0.066 0.018
-1.73 0.32 -0.108 0.058 -1.75 0.32 0.052 0.008
0.00 0.28 0.048 0.028 0.00 0.28 0.054 0.010
1.73 0.32 0.209 0.036 1.75 0.32 0.061 0.010
3.47 0.36 0.360 0.034 3.50 0.36 0.082 0.017
5.20 0.41 0.518 0.052 5.25 0.41 0.103 0.007
6.94 0.45 0.673 0.057 7.00 0.46 0.123 0.018
8.67 0.50 0.764 0.024 8.75 0.50 0.157 0.026
10.41 0.55 0.832 0.081 10.50 0.55 0.204 0.022
12.14 0.60 0.952 0.048 12.25 0.60 0.253 0.025
13.87 0.65 1.082 0.069 14.00 0.65 0.305 0.023
15.61 0.70 1.038 0.080 15.75 0.70 0.354 0.035
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